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RECOMBINANT DEHYDRODICONIFERYL ALCOHOL BENZYLIC 
ETHER REDUCTASE, AND METHODS OF USE 
Related Applications 
The present application claims benefit of priority firom United States 
S provisional patent application serial number 60/094,012, filed July 24, 1998. 

Field of the Invention 
The present invention relates to isolated dehydrodiconiferyl alcohol benzylic 
ether reductase proteins, to nucleic acid sequences which code for dehydrodiconiferyl 
alcohol benzylic ether reductase proteins, and to vectors containing the sequences, 
10 host cells containing the sequences and methods of producing recombinant 
dehydrodiconiferyl alcohol benzylic ether reductase proteins and their mutants. 

Background of the Invention 
Dehydrodiconiferyl alcohol (DDC) is an 8,5 '-linked lignan and one of three 
major products of the in vitro radical coupling of £-coniferyl alcohol that is fiicilitated 
15 by peroxidases and laccases, such as those proposed in lignification (Freudenberg, K. 
Bull Soc. Chim. France , 1748-1753 (1959); Freudenberg, K. & Neish, A.C. 
Constitution and Biosynthesis of Lignin 1-123 (Springer- Veriag, New York, NY, 
1968)). DDC is ubiquitous in the plant kingdom, being foimd in plants as diverse as 
loblolly pine (Firms taeda) (Nose, M., et al, Fhytochemistry 39:7 U79 (1995)) and 
20 tobacco (Nicotiana tahacum) (Biims, A., N., Chen, R., H., Wood, H., N. & Lynn, D., 
G. Froc. Natl Acad Set USA 84:980-984 (1987)). Suspension culture cells of 
loblolly pine have also been shown to contain DDC and its 7',8'-(allylic bond) 
reduced derivative, dihydrodehydrodiconiferyl alcohol (DDDC) (Nose, M., et al 
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Phytochemistry 39:71-79 (1995)). However, the enzymes involved in their formation 
and subsequent metabolism have not been previously described. 

Summary of the Invention 
In accordance with the foregoing, cDNAs encoding dehydrodiconifwyl 
5 alcohol benzylic ether reductase from Firms laeda and Cryptomeria jc^nica have 
been isolated and sequenced, and the corresponding amino acid sequences have been 
deduced. Accordingly, the present invention relates to isolated DNA sequences 
which code for the expression of dehydrodiconiferyl alcohol benzylic ether reduaase, 
such as the sequence designated SEQ ID NO:l which encodes a dehydrodiconiferyl 

10 alcohol benzylic ether reductase (SEQ ID NO:2) from Firms taeda, and the sequences 
designated SEQ ID NO:3 and SEQ ID NO:5 which encode dehydrodiconiferyl 
alcohol benzyUc ether reductases (SEQ ID NO:4 and SEQ ID NO:6, respectively) 
from Cryptomeria japonica. In other aspects, the present invention is direaed to 
replicable recombinant cloning vehicles comprising a nucleic acid sequence, e.g., a 

15 DNA sequence which codes for a dehydrodiconiferyl alcohol benzylic ether reductase, 
or for a base sequence suffidently complementary to at least a portion of DNA or 
KNA encoding dehydrodiconiferyl alcohol benzylic ether reductase to enable 
hybridization therewith (e.g., antisense KNA or fragments of DNA complementary to 
a portion of DNA or KNA molecules encocting dehydrodiconiferyl alcohol benzylic 

20 ether reductase which are useful as polymerase chain reaction primers or as probes for 
any of the foregoing reductases or related genes). In yet other aspects of the 
invention, modified host cells are provided that have been transformed, transfected, 
mfeaed and/or injected with a recombinant cloning vehicle and/or DNA sequence of 
the invention. Thus, the present invention provides for the recombinant expression of 

25 dehydrodiconiferyl alcohol benzylic ether reductase, and the inventive concepts may 
be used to facilitate the production, isolation and purification of significant quantities 
of recombinant dehydrodiconiferyl alcohol benzylic ether reductase (or of its primary 
enzyme product) for subsequent use, to obtain expresrion or enhanced expresaon of 
dehydrodiconiferyl alcohol benzylic ether reductase in plants, microorganisms or 

30 animals, or may be otherwise employed in an enviroiunent where the regulation or 
expression of dehydrodiconiferyl alcohol benzylic ether reductase is desired for the 
production of this reductase, or its enzyme products, or derivatives thereof In 
another aspect, the present invention relates to methods of enhancing or otherwise 
modifying the expression of dehydrodiconiferyl alcohol benzylic ether reductase 

35 protem in a suitable host cell, such as a plant cell. 
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Brief Description of the Drawings 
The foregoing aspects and many of the attendant advantages of this invention 
will become more readily appreciated as the same becomes better understood by 
reference to the following detailed description, when taken in conjunction with the 
S accompanying drawings, wherein: 

FIGURE lA shows HPLC separations of the following standards: Peak 1: 
Tetrahydrodehydrodiconiferyl alcohol (TDDC), Peak 2: 

Isodihydrodehydrodiconiferyl alcohol (IDDDC), Peak 3: Dihydrodehydrodiconiferyl 
alcohol (DDDC), Peak 4: Dehydrodiconiferyl alcohol (DDC). 
10 FIGURE IB shows an HPLC chromatogram of the reduction of DDC to 

IDDDC. 

FIGURE IC shows an HPLC chromatogram of the reduction of DDDC to 
TDDC by the benzylic ether reductase (SEQ ID NO:2). 

FIGURE ID shows the mass spectrum of DDC (substrate). 
15 FIGURE IE shows the mass spectrum of IDDDC (product of DDC reduction 

by the benzylic ether reductase (SEQ ID NO:2)). 

FIGURE IF shows the mass spectrum of TDDC (product of DDDC reduction 
by the benzylic ether reductase (SEQ ID NO:2)). 

Detailed Description of the Preferred Embodiment 

20 As used herein, the terms "amino acid" and "amino acids" refer to all naturally 

occurring L-a-amino acids or their residues. The amino acids are identified by either 
the single-letter or three-letter designations: 





Asp 


D 


aspartic add 


He 


I 


isoleudne 




Thr 


T 


threonine 


Leu 


L 


ieudne 


25 


Ser 


S 


serine 


Tyr 


Y 


tyrosine 




du 


E 


glutamic acid 


Phe 


F 


phenylalanine 




Pro 


P 


proline 


His 


H 


histidine 




Gly 


G 


glycine 


Lys 


K 


lysine 




Ala 


A 


alanine 


Arg 


R 


arginine 


30 


Cys 


C 


cysteine 


Trp 


W 


tryptophan 




Val 


V 


valine 


Gin 


Q 


glutamine 




Met 


M 


methionine 


Asn 


N 


asparagine 



As used herein, the term "nucleotide" means a monomeric unit of DNA or 
RNA containing a sugar moiety (pentose), a phosphate and a nitrogenous heterocyclic 
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base The base is linked to the sugar moiety via the glycosidic caibon (1' cari)on of 
pentose) and that combination of base and sugar is caUed a nucleoside. The base 
characterizes the nucleotide with the four bases ofDNAbeing adenine ("A"), guanme 
("G") cytosineCC") and thymine ("T"). Inosine ("I") is a synthetic base that can be 

5 used 'to substitute for any of the four, naturally-occurring bases (A. C, G or T). The 
four RNA bases are A,G,C and uracU ("U"). The nucleotide sequences descnbed 
herein comprise a linear array of mideotides connected by phosphodiester bonds 
between the 3' and 5' carbons of adjacent pentoses. 

"OUgonudeotide" refers to short length single or double stranded sequences of 

10 deoxyribonudeotides linked via phosphodiester bonds. The oUgonucleotides are 
chemically synthesized by known methods and purified, for example, on 

polyacrylamide gels. . 

The term "dehydrodiconifeiyl alcohol benzyUc ether reductase" as used herem 
means an enzyme that is capable of converting dehydrodiconiferyi alcohol to 7.(M'- 
15 isodihydrodehydrodiconiferyl alcohol, as determined, for example, m the assay 

described in Example 3 hardn. ^ , 

The terms "alteration", "amino add sequence alteration-, "variant" and ammo 
add sequence variant" refer to dehydrodiconiferyi alcohol benzyUc ether reductase 
molecules with some differences in thdr amino add sequences as compared to the 
20 corresponding nath^e dehydrodiconiferyi alcohol benzyUc ether reductase. Ordinardy. 
the variants wiU possess at least about 70% homology with the correspondmg. native 
ddiydrodiconiferyl alcohol benzyUc ether reductase, and preferably they will be at 
least about 80% homologous with the corresponding, native dehydrodicomfeiyl 
alcohol benzyUc ether reductase. The amino acid sequence variants of 
25 dehydrodiconiferyi alcohol benzylic ether reductase MUng within this mvention 
possess substitutions, deletions, and/or insertions at certain positions. Sequence 
variants of dehydrodiconiferyi alcohol benzyUc ether reductase may be used to attam 
desired enhanced or reduced enzymatic adivity. modified regiodiemistry or 
stereochemistry, or altered substrate utiUzation or ptodud distribution. 
30 Substitutional ddiydrodiconiferyl alcohol benzytic ether reductase vanants are 

those that have at least one amino add residue in the corresponding native 
ddiydrodiconiferyl alcohol benzyUc ether reductase sequence removed and a differ«.t 
amino acid inserted in its phice at the same position. The substitutions may be smgle, 
where only one amino add in the molecule has been substituted, or they may be 
35 multiple, where two or more amino adds have been substituted in the same molecule. 
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Substantial changes in the activity of the dehydrodiconiferyl alcohol benzylic ether 
reductase molecule may be obtained by substituting an amino acid with a side chain 
that is significantly different in charge and/or structure firom that of the native amino 
acid. This type of substitution would be expected to affect the structure of the 
S polypeptide backbone and/or the charge or hydrophobicity of the molecule in the area 
of the substitution. 

Moderate changes in the activity of the dehydrodiconiferyl alcohol benzylic 
ether reductase molecule would be expected by substituting an amino acid with a side 
chain that is similar in charge and/or structure to that of the native molecule. This 

10 type of substitution, referred to as a conservative substitution, would not be expected 
to substantially alter either the structure of the polypeptide backbone or the charge or 
hydrophobicity of the molecule in the area of the substitution. 

Insertional dehydrodiconiferyl alcohol benzylic ether reductase variants are 
those with one or more amino acids inserted immediately adjacent to an amino acid at 

IS a particular position in the native dehydrodiconiferyl alcohol ben^lic ether reductase 
molecule. Immediately adjacent to an amino acid means connected to either the 
a-carboxy or a-amino functional group of the amino add. The insertion may be one 
or more amino adds. Ordinarily, the insertion will consist of one or two conservative 
amino adds. Amino acids similar in charge and/or structure to the amino adds 

20 adjacent to the site of insertion are defined as conservative. Alternatively, this 
invention includes insertion of an amino acid with a charge and/or structure that is 
substantially different fi-om the amino acids adjacent to the site of insertion. 

Deletional variants are those where one or more amino adds in the native 
dehydrodiconiferyl alcohol benzylic ether reductase molecule have been removed. 

25 Ordinarily, deletional variants will have one or two amino acids deleted in a particular 
region of the dehydrodiconiferyl alcohol benzylic ether reductase molecule. 

The term "antisense" or "antisense KMA" or "antisense nucleic add" is used 
herdn to mean a nucleic acid molecule that is complementary to all or part of a 
messenger RNA molecule. Antisense nucleic add molecules are typically used to 

30 inhibit the expression, in vrvo, of complementary, expressed messenger KNA 
molecules. 

Amino acid sequence variants of dehydrodiconiferyl alcohol benzylic ether 
reductase may have desirable altered biological activity including, for example, altered 
reaction kinetics, substrate utilization, produa distribution or other characteristics 
35 such as regiochemistry and stereochemistry. 
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»n>JA encodine" and "nucleic add 
The terms "DNA sequence encoding , DNA encoaing 

encoding" refer to the order or sequence of deoxyribonucleoudes along a ^d of 

I^bonucieic acid. The order of these deoxyribonudeotides detemunes the ord^ 

orXacidsalongthetranslatedpolypeptidechain. The DNA sequence thus codes 



for the amino acid sequence. . ,,«^«r« 

The .enns "vecor", TepUoable exp«»ion v»«>r- »d -«pre«K». v«»r 

refer ,o a piece of DNA, usually double-sMnded. «l»ch may l«ve " 
rtl of DNA Onsen DNA). The v»=K>c ia uaed «. ™«por, Ae ma«t DNA »«, a 
"Z^Z^. 0«.toU»lK.«cen.*.v.c«.c,.rep«c«eiodep»deaUyofor 
:^l«y«**eho,.chronK»oo»lDNA, and se««. copies of *ev=c.or»d 

DNA may be ge«r.«d. In Mi^ «n«s-» C"''"'^* 
^^e repression Lots) conuin fte necessa-y ele™e„« P-"' -^-^ 
Z^insen^Aimo a polypeptide. Many molecules of *e polypeptide encoded hy 

the insert DNA can thus be rapidly synthesized. . „ 

The «nns -ttanafenned host ceV -ttansfonned" ^ ■ti.nsfbnn.tio.- r.^ » 
fte intt^ction of DNA into a cell. The ceU is «m»d . "host ««■. »»i n m^be a 
^o^^foraeul^yoticcell. Typical p^W host ceUaindude ™^»-^ 
of Typicd eukaorotfc ho,tcdUa«pta«cdls.sud..sn«uzecdls,ye»t 

cLt^cI or a^mal cells. The i«.od„ced DNA is usually in the fonn of a 
^r^«aini«g»t inserted piece of DN^ Tl„ introduced DNA science -nay be 
Cti«san»s^es.sti«hostceaorfN,n.adif.^speciesaom^^ 
U may be a hybrid DNA setpence. co«alning some fere-gn DNA «rf some DNA 
derived from the host species. 

to accordance witi, the present invention, a cDNA mol»^e encodmga 
dehydrodicoriferyl alcohol benzyUc ether reductase (SEQ ID N0:1) ™s M 
Z\ X Phage-based cDNA Ubrary made .^m RNA «ar^ 
3^„„ cutare cells ti»t had been gro». in2.4.D metan. ^^NAbb^n^ 
J screened using a 5'.end ftagme« (SEQ ID N0.7) fi™n . cDNA (TU^ 
e^ ptaoresinol-lariciresinol reductase firom Fcrsyf>.a .numeOa. 
!^e pLge plaques .«re pu.ifi«l «.d the dJNA in»m se,«e«=«l revealrr^g • 
Tu Xe red!cl done. The p-g.lac«,sid,se ii.sio. prot-n encoded by thjs done 
'^rpin^esmol-Uridresi™.. activity. -^^^^^^^^^'^p^^*^ 
,««lve reductase was Clonal '^.^^^^T;! "^Z^T^^^ 
crf( and fl« resuhh*. «ttive proton (SEQ ID N0.2) i.e., 'JJ 
i d<™ai„,«.,puri8«ift»m.cnKie£»«ear«»»»i««»y«dfo'b«*I»»'«™' 
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lariciresinol activity and its ability to reduce dehydrodiconiferyl alcohol. The purified 
P. iaeda reductase (SEQ ID NO:2) effected the reduction of the benzylic ether bond 
of dehydrodiconiferyl alcohol to convert it to 7-0-4'- 
(iso)dihydrodehydrodiconifeTylalcohol. 
S Additionally, two cDNA molecules encoding dehydrodiconiferyl alcohol 

benzylic ether reductase were isolated firom a Cryptomeria japonica cDNA library in 
the following manner. A C. japonica cDNA library was screened using 5 ng PCR- 
amplified Firms taeda dehydrodiconiferyl alcohol benzylic ether reductase cDNA 
(SEQ ID N0:1). Approximately 300,000 pfii of C japonica amplified dDNA library 

10 were screened and yielded twenty positive plaques of which two, pCj-PCBERI (SEQ 
ID NO:3) and pCj-PCBER2 (SEQ ID NO:5), were each found to encode a 
dehydrodiconiferyl alcohol benzylic ether reductase (SEQ ID NO:4 and SEQ ID 
NO:6, respectively). 

The isolation of cDNAs encoding dehydrodiconiferyl alcohol benzylic ether 

15 reductase permits the development of an efficient expression system for this fiinctional 
enzyme, provides useful tools for examining the developmental regulation of lignan 
biosynthesis and permits the isolation of other dehydrodiconiferyl alcohol benssylic 
ether reductases. The isolation of dehydrodiconiferyl alcohol benzylic ether reductase 
cDNAs also permits the transformation of a wide range of organisms in order to 

20 enhance or modify lignan biosynthesis. 

By way of non-limiting example, the proteins and nucleic acids of the present 
invention can be utilized to elevate or otherwise alter the levels of lignans in plant 
species, and in food items incorporating material derived from such genetically altered 
plants. A nucleic acid sequence encoding dehydrodiconiferyl alcohol benzylic ether 

25 reductase, or an antisense nucleic acid fragment complementary to all or part of a 
nucleic acid sequence encoding dehydrodiconiferyl alcohol benzylic ether reductase, 
may be introduced, as appropriate, into any plant species for a variety of purposes 
including, but not limited to: altering or improving the color, texture, durabihty and 
pest-resistance of wood tissue, especially heartwood tissue; reducing or altering the 

30 formation of lignans and/or lignins in plant species; redudng or altering the 
Ugnan/lignin content ofrplant spedes utilized in pulp and paper production, thereby 
making pulp and paper production easier and cheaper, improving the defensive 
capability of a plant against predators and pathogens by enhancing the production of 
defensive lignans or lignins; the alteration of other ecolo^cal interactions mediated by 

3S lignans or lignins; introducing, enhandng or inhibiting the production of 
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10 



15 



20 



reaucl. or proOucaon of i« produC or d«w«.v» 

^ York. NY p. 769 (198S)) may be Biiployed to direct 

""'"Z^^Z^ of ^Oa-type dehydrodiccnifery. a.coho. ^ e^ 
^oll^^s that can be produced by deletions, subsdtutions. '■^^ 
ZLn. are intended to be vritWn scope of the invention exc^ 

Trior art Dehydrodiconifetyl alcohol benzylk eter reduct«» ammo acid 
^y'be constmcted by « DNA .e<,ue». 

Zivn^ dehydrodiconiferyl dcohol b«.zylic ether reductase, such as by u»ng 
^LCes ^nonlyrefe^d to .ssit^^rected mutagenesis. Various po^nnoa* 

'^Zo. (PcUethods «.w «e. *e ^-^^ 

^ Bke the Transformer Site-Directed Mtnagenea. lot ftom Oonte^ 

•^"t^'Zra.ion of the target plasmid in this systen. ^o^^ 
^U^^ously lealed to the pUsmi* one of 0»se PHn- »n^*' 
directed mutation, the other contains a mutation at another pontt in the plasmo 
^rtltion of a restriction site. Second strand syn.h». is tten«»ed 
Mdng these t«o muudons. ^ the resuWng pla«n«is .re t™«tem«> 
"^r^^^ofE co" P,.smidDNAi.isol««lftom«-tr»»ib.medb.ct««^ 

^cZlrie relevant restriction enzyme (therd>y Bnearising the unmut..*. 

T^l Itri retransformed into £ «>«. This system aUow. ibr generanon of 
, L"s in an expression plasmid. without the ,-ce.si.y of subdomng or 

rrXnt^^-strand^ The tight Hnkage of the t„o mu.at.ons »^ 

rTbluentlLi^tio. of u«m««ed plasmids results in high mut«,on efiic ency 

S method rapnre. the use ofonl, one new primer type per mutauon stte. R.th« 
,5 2^ «ch posiriona. mut». separ-C. a set of "designs, degenerate 
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oligonucieotide primers can be ^thesized in order to introduce all of the desired 
mutations at a given site simultaneously. Transfomiants can be screened by 
sequendng the plasmid DNA through the mutagenized region to identify and sort 
mutant clones. Each mutant DNA can then be restricted and analyzed by 
5 electrophoresis on Mutation Detection Enhancement gel (J.T. Baker) to confirm that 
no other alterations in the sequence have occurred (by band shift comparison to the 
unmutagenized control). 

The verified mutant duplexes can be cloned into a replicable expression 
vector, if not already cloned into a vector of this type, and the resulting expression 

10 construct used to transform E, coli, such as strain E, coli BL21(DE3)pLysS, for high 
level production of the mutant protein, and subsequent purification thereof. The 
method of FAB-MS mapping can be employed to rapidly check the fidelity of mutant 
expression. This technique provides for sequencing segments throughout the M^ole 
protein and provides the necessary confidence in the sequence assignment. In a 

15 mapping experiment of this type, protein is digested with a protease (the choice will 
depend on the specnfic region to be modified since this segment is of prime interest 
and the remaining map should be identical to the map of unmutagenized protdn). The 
set of cleavage fi-agments is fi-actionated by microbore HPLC (reversed phase or ion 
. exchange, again depending on the specific region to be modified) to provide several 

20 peptides in each firaction, and the molecular weights of the peptides are determined by 
FAB-MS. The masses are then compared to the molecular weights of peptides 
^pected firom the digestion of the predicted sequence, and the correctness of the 
sequence quickly ascertained. Since this mutagenesis approach to protein 
modification is directed, sequencing of the altered peptide should not be necessary if 

25 the MS agrees with prediction. If necessary to verify a changed residue, CAD-tandem 
MS/MS can be employed to sequence the peptides of the mixture in question, or the 
target peptide purified for subtractive Edman degradation or caiboxypeptidase Y 
digestion depending on the location of the modification. 

In the design of a particular site directed mutant, it is generally desirable to 

30 first make a non-conservative substitution (e.g., Ala for Cys, Ifis or Glu) and 
determine if activity is greatly impaired as a consequence. The properties of the 
mutagenized protein are then examined with particular attention to the kinetic 
parameters of K^^^ and k^at as sensitive incUcators of altered function, firom which 
changes in binding and/or catalysis per se may be deduced by comparison to the 

35 native enzyme. If the residue is by this means demonstrated to be important by 
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. «♦ nr knockout then conservative substitutions can be made, such 

activity impaiiment. or knockout tnen 

as Asp for Glu to alter side cham length, Jo^^^. J 
hydrophobic segments, it is largely s.e " ^^^ution 
also be substituted for alkyl Side chams. ^^'^^ " ^y the rrmtation. 

can indicate which step(s) of the reacuon sequence have ^^"^ 

Other Site <^-- ^--^^-^^ ^^^^^^ 
nucleotide sequences of the invenUon. For dehydrodiconiferyl 
digestion of DNA foUow«l by ^^^^^l^^^^ 1 Section 15.3 of 
alcohol benzyUc ether reductase deletion >^airts, as 

. Sar.r.K,keta.C^.c^^C^;^^^^ 

Harbor Laboratory Press, ^'^J'^^:'^^ S3^rook et al., supra. 

construainsertion variants, as descnbedmSection 15.3^^ 

OUKonucleotide-directed mutagenesis may also be employee lor p y e 
then added. This enzyme . --^t^. Thus a heteroduplex molecule is 
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it is more difficult to generate a single oligonucleotide that encodes all of the desired 
changes. Instead, one of two alternative methods may be employed. In the first 
method, a separate oligonucleotide is generated for each amino acid to be substituted. 
The oligonucleotides are then annealed to the single-stranded template DNA 
5 simultaneously, and the second strand of DNA that is synthesized fi^om the template 
will encode all of the desired amino acid substitutions. 

An alternative method involves two or more rounds of mutagenesis to 
produce the desired mutant. The first round is as described for the single mutants: 
wild-type dehydrodiconiferyl alcohol benzylic ether reductase DNA is used for the 

10 template, an oligonucleotide encoding the first desired amino acid substitution(s) is 
annealed to this template, and the heteroduplex DNA molecule is then generated. The 
second round of mutagenesis utilizes the mutated DNA produced in the first round of 
mutagenesis as the template. Thus, this template already contains one or more 
mutations. The oligonucleotide encoding the additional desired amino acid 

15 substitution(s) is then annealed to this template, and the resulting strand of DNA now 
encodes mutations firom both the first and second rounds of mutagenesis. This 
resultant DNA can be used as a template in a third round of mutagenesis, and so on. 

Eukaryotic expression systems may be utilized for dehydrodiconiferyl alcohol 
ben^lic ether reductase production since they are capable of carrying out atqr 

20 required posttranslational modifications and of directing the enzyme to the proper 
membrane location. A representative eukaryotic expression system for this purpose 
uses the recombinant baculovirus, Autographa califomica nuclear polyhedrosis virus 
(AcNPV; M.D. Summers and G.E. Smith, A Manual of Methods for Baculovirus 
Vectors and Insect Cell Culture Procedures (1986); Luckow et al., 

25 Bio-technology 6*A1-5S (1987)) for expression of the dehydrodiconiferyl alcohol 
benzylic ether reductases of the invention. Infection of insect cells (such as cells of 
the species Spodoptera frugiperda) with the recombinant baculoviruses allows for the 
production of large amounts of the dehydrodiconiferyl alcohol benzylic ether 
reductase protein. In addition, the baculovims system has other important advantages 

30 for the production of recombinant dehydrodiconiferyl alcohol benzylic ether 
reductase. For example, baculoviruses do not infect humans and can therefore be 
safely handled in large quantities. In the baculovims system, a DNA construct is 
prepared including a DNA segment encoding dehydrodiconiferyl alcohol benzylic 
ether reductase and a vector. The veaor may comprise the polyhedron gene 

35 promoter region of a baculovims, the baculovims flanking sequences necessary for 
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proper cross-over during recombination (the flanking sequences comprise 
about 200-300 base pairs adjacent to the promoter sequence) and a bacterial ongin of 
repUcation which permits the construct to replicate in bacteria. The vector is 
construrted so that (i) the DNA segment is placed adjacent (or operably-linked or 
5 -downstream" or "under the control or) to the polyhedron gene promoter and (u) the 
promoter/dehydrodiconiferyi alcohol benzyUc ether reductase combination is flanked 
on both sides by 200-300 base pairs of bacuiovirus DNA (the flanking sequences). 

To produce a dehydrodiconifeiyl alcohol benzyUc ether reductase DNA 
constnict, a cDNA clone encoding a fiiU length dehydrodiconiferyl alcohol benzyUc 
10 ether reductase is obtained using methods such as those described herein. The DNA 
constnia is contacted in a host ceU with bacuiovirus DNA of an appropriate 
bacuiovirus (that is. of the same species of bacuiovirus as the promoter encoded in the 
constnict) under conditions such that recombination is eflBscted. The resulting 
recombinant baculoviruses encode the fiUl dehydrodiconiferyl alcohol bemylic ether 
15 reductase. For example, an insect host cell can be cotnmsfiscted or transfected 
separately with the DNA construct and a fimctional bacuiovirus. Resulting 
recombinant baculoviruses can then be isolated and used to infect ceUs to eflFect 
production of dehydrodiconiferyl alcohol benzyUc ether reductase. Host insect ceUs 
include, for example. Spadoptera frugiperda ceUs. Insect host ceUs infected with a 
20 recombinant baculovims of the present invention are then cultured under conditions 
allowing expression of the baculovirus-encoded dehydrodiconiferyl alcohol benzyUc 
ether reductase. Recombinant protein thus produced is then extracted from the ceUs 
using methods known in the art. 

Other eukaryotic microbes such as yeasts may also be used to practice this 
25 invention. The baker's yeast Saccharomyces cerevisiae, is a commonly used yeast, 
although several other strains are available. The plasmid YRp7 (Stinchcomb et al.. 
Nature l%lx29 (1979); Kingsman et al.. Gene 7:141 (1979); Tschemper et al.. 
Gene 10:157 (1980)) is commonly used as an expression vector in Saccharomyces. 
This plasmid contains the trpl gene that provides a selection marker for a mutant 
strain of yeast lacking the abiUty to grow in tryptophan, such as strains ATCC 
No 44,076 and PEP4-1 (Jones. Genetics iS'.\2 (1977)). The presence of the trpl 
lesion as a chararteristic of the yeast host ceU genome then provides an effective 
environment for detecting transformation by growth in the absence of tryptophan. 
Yeast host ceUs are generaUy transformed using the polyethylene glycol method, as 
35 described by Hinnen {?roc. Natl Acad. Sci. USA 75:1929 (1978)). Additional yeast 
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transformation protocols are set forth in Gietz etal., 20(17): 1425 (1992); 

Reeves et al., FEMS 99:193-197 (1992). 

Suitable promoting sequences in yeast vectors include the promoters 
for 3-phosphoglycerate kinase (Hitzeman et al., J. Biol Chem. 255:2073 (1980)) or 
5 other glycolytic enzymes (Hess etal., J. Adv. Enzyme Reg.li\A9 (1968); 
Holland etal.. Biochemistry 1714900 (1978)), such as enolase, glyceraldehyde-3- 
phosphate dehydrogenase, hexokinase, pyruvate decarboxylase, phosphofructokinase, 
glucose-6-phosphate isomerase, 3-phosphoglycerate mutase, pyruvate kinase, triose- 
phosphate isomerase, phosphoglucose isomerase, and giucokinase. In the 

10 construction of suitable expression plasmids, the termination sequences associated 
with these genes are also ligated into the expression vector 3' of the sequence desired 
to be expressed to provide polyadenylation of the mRNA and termination. Other 
promoters that have the additional advantage of transcription controUed by growth 
conditions are the promoter region for alcohol dehydrogenase 2, isocytochrome C, 

15 add phosphatase, degradative enzymes associated with nitrogen metabolism, and the 
aforementioned glyceraldehyde-3-phosphate dehydrogenase, and enzymes responsible 
for maltose and galactose utilization. Any plasmid vector containing yeast-compatible 
promoter, origin of replication and termination sequences is suitable. 

Cell cultures derived from multicellular organisms, such as plants, may be used 

20 as hosts to practice this invention. Transgenic plants can be obtained, for example, by 
transferring plasmids that encode dehydrodiconiferyl alcohol benzylic ether reductase, 
and a selectable marker gene, e.g., the kan gene encoding resistance to kanamydn, 
into Agrobacterium tumifaciens containing a helper Ti plasmid as described in 
Hoeckema et al., ATaft/re 303:179-181 (1983) and culturing the Agrobacterium cells 

25 with leaf slices of the plant to be transformed as described by An et al.. Plant 
Physiology Sl:30U305 (1986). Transformation of cultured plant host cells is 
normally accomplished through Agrobacterium tumifaciens, as described above. 
Cultures of mammalian host cells and other host cells that do not have rigid cell 
membrane barriers are usually transformed using the calcium phosphate method as 

30 originally described by Graham and VanderEb (Virology 52:546 (1978)) and 
modified as described m Sections 16.32-16.37 of Sambrook et al., supra. However, 
other methods for introducing DNA into cells such as Polybrene (Kawai and 
Nishizawa, MoL Cell Biol 4:1172 (1984)), protoplast fiision (Schafl&ier, Proc. Natl 
Acad. Set LTiM 77:2163 (1980)), electroporation (Neumann et al., EMBOJ. 1:841 

35 (1982)), and direct microinjection into nuclei (Capecchi, Ce// 22:479 (1980)) may 



PCTAJS99/I6746 

WO 00/0S3S0 

-14- 



also be used. AdditionaUy, animal transfonnation strategies are reviewed in 
Monastersky G.M. and Robl, J.M.. Strategies in Transgenic Animal Science, ASM 
Press Washington, D C. (1995). Transformed plant caffi may be selected through the 
seleoable marker by growing the cells on a medium containing, e.g.. kanamycm, and 
5 appropriate amounts of phytohormone such as naphthalene acetic acid and 
benzyhidenine for callus and shoot induction. The plant ceUs may then be regenerated 
and the resulting plants transferred to soU using techniques well known to those 

skilled in the art. , , ,.^1 

In addition, a nucleic acid sequence encoding dehydrodiconiferyl alcohol 
10 benzylic ether reductase can be incorporated into the plant along with a necessary 
promoter which is inducible. In the practice of this embodimem of the invention, a 
promoter that only responds to a specific external or internal stimulus is fiised to the 
target cDNA. Thus, the gene will not be transcribed except in response to the specific 
stimulus. As long as the gene is not being transcribed, its gene product is not 

15 produced. . 

An illustrative example of a responsive promoter system that can be used m 
the practice of this invention is the glutathione-S-transferase (GST) system in maize. 
GSTs are a femUy of enzymes that can detoxify a mimber of hydrophobic dectrophiUc 
compounds that often are used as pre-emergent herbicides (Weigand et al.. Plant 
20 Molecular Biology 7x235-242 (1986)). Studies have shown that the GSTs are 
direcdy involved in causing this enhanced heibicide tolerance. This action is primarily 
mediated through a specific 1.1 kb mRNA transcription product. In short, maize has 
a naturally occurring quiescent gene already present that can respond to external 
stimuli and that can be induced to produce a gene product. This gene has previously 
25 been identified and cloned. Thus, in one embodiment of this invention, tiie promoter 
is removed from the GST responsive gene and attached to a dehydrodiconiferyl 
alcohol benzyUc ether reductase gene tiiat previously has had Hs native promoter 
removed This engineered gene is tiie combination of a promoter that responds to an 
external chemical stimulus and a gene responsible for successfiil production of 
30 dehydrodiconiferyl alcohol benzyUc etiier reductase proteia 

In addition to the metiiods described above, several metiiods are known m the 
art for transferring cloned DNA into a wide variety of plant species, including 
gymnosperms, angiosperms, monocots and dicots (see, e.g., Glick and Thompson, 
eds Methods in Plant Molecular Biology, CRC Press, Boca Raton, Honda (1993)). 
35 Representative examples inchide dectiroporation-fiicilitated DNA uptake by 
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protoplasts (Rhodes et al.. Science 240(4M9):204-207 (1988)); treatment of 
protoplasts with polyethylene glycol (Lyznik et al., Pkmt Molecular 
Biology 13:151-161 (1989)); and bombardment of cells with DNA laden 
microprojectiles (Klein et al.. Plant Physiol 91:440-444 (1989) and Boynton et al., 
S Science 240(4858): 1534-1538 (1988)). Numerous methods now exist, for example, 
for the transformation of cereal crops (see, e.g., McKinnon, G.E. and Heniy, R.J., J. 
Cereal Science 22i3):203'210 (1995); Mendel, R.R. and Teeri, T.H., Plant and 
Microbial Biotechnology Research Series, 3:81-98, Cambridge University Press 

(1995) ; McEhoy, D. and Brettell, R.I.S., Trends in Biotechnology I2{2y.62-6Z 
10 (1994); Christou et al.. Trends in Biotechnology 10(7):239-246 (1992); Christou, P. 

and Ford, T.L., Annals ofBotan, 75(5):449-454 (1995); Park et al., Plant Molecular 
32(6): 1135-1 148 (1996); Altpeter et al.. Plant Cell Report, 16:12-17 

(1996) ). Additionally, plant transformation strategies and techniques are reviewed in 
Birch, KG., Ann Rev Plant Phys Plant Mol Biol 48:297 (1997); Forester et al., Exp. 

15 Agric. 33:15-33 (1997). Minor variations make these technologies applicable to a 
broad range of plant spedes. 

Each of these techniques has advantages and disadvantages. In each of the 
techniques, DNA from a plasmid is genetically engineered such that it contains not 
only the gene of interest, but also selectable and screenable marker genes. A 

20 selectable marker gene is used to select only those cells that have integrated copies of 
the plasmid (the constmction is such that the gene of interest and the selectable and 
screenable genes are transferred as a unit). The screenable gene provides another 
check for the successful culturing of only those cells carrying the genes of interest. A 
commonly used selectable marker gene is neomycin phosphotransferase II (NPT II). 

25 This gene conveys resistance to kanamycin, a compound that can be added directly to 
the growth media on which the cells grow. Plant cells are normally susceptible to 
kanamycin and, as a result, die. The presence of the NPT n gene overcomes the 
effects of the kanamycin and each cell with this gene remains viable. Another 
selectable marker gene which can be employed in the practice of this invention is the 

30 gene which confers resistance to the herbicide glufosinate (Basta). A screenable gene 
commonly used is the ^-glucuronidase gene (GUS). The presence of this gene is 
characterized using a histochemical reaction in which a sample of putatively 
transformed cells is treated with a GUS assay solution. After an appropriate 
incubation, the cells containing the GUS gene turn blue. Preferably, the plasmid will 

3S contain both selectable and screenable marker genes. 
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The plasmid containing one or more of these genes is introduced into dthw 
plant protoplasts or caUus cells by any of the previously mentioned techniques. If the 
marker gene is a selectable gene, only those ceUs that have incorporated the DNA 
package survive under selection with the appropriate phytotoxic agent. Once the 
5 appropriate ceUs are identified and propagated, phmts are regenerated. Progeny from 
the transformed plants must be tested to insure tiiat the DNA padage has been 
succes^iUy integrated into the plant genome. 

Mammalian host cells may also be used in the practice of tiie invention. 
Examples of suitable mammalian ceU lines include monkey kidney CVI line 
10 transformed by SV40 (COS-7, ATCC CRL 165 1); human embryonic kidney line 293 S 
(Graham etai., J. Gen. Virol. 36:59 (1977)); baby hamster kidney cells (BHK, 
ATCC CCL 10); Chinese hamster ovary cells (Urlab and Chasin, Proc. Natl. Acad 
Sci USA 77:4216 (1980)); mouse sertoU ceUs (TM4, Mather, Biol. Reprod. 23:243 
(1980)); monkey kidney ceUs (CVI-76, ATCC CCL 70); African green monkey 
15 kidney ceUs (VERO-76, ATCC CRL-1587); human cervical carcinoma cells (HELA, 
ATCC CCL 2); canine kidney ceUs (MDCK, ATCC CCL 34); bufiBdo rat liver cefls 
(BRL 3A, ATCC CRL 1442); human hmg cells (W138, ATCC CCL 75); human Uver 
cells (HepG2, HB 8065); mouse mammary tumor cells (MMT 060562, 
ATCC CCL 51); rat hepatoma cells (HTC, MI.54, Baumann et al., J. Cell Biol 85:1 
20 (1980)); and TRI cells O^datiier et al.. Annals N.Y. Acad. 383:44 (1982)). 
Expression vectors for these ceUs ordinarily include (if necessary) DNA sequences for 
an origin of replication, a promoter located in front of the gene to be expressed, a 
ribosome binding site, an RNA spUce site, a pplyadenylation site, and a transcription 
terminator ate. 

25 Promoters used in mammalian expression vectors are often of viral ori^. 

These viral promoters are commonly derived from polyoma virus. Adenovirus 2, and 
most frequently Simian Virus 40 (SV40). The SV40 virus contains two promoters 
that are termed the early and late promoters. These promoters are particularly usefiil 
because they are both easily obtained from the virus as one DNA fragment that also 

30 contains the viral origin of repUcation (Fiers et al., Nature 273: 1 13 (1978)). SmaUer 
or larger SV40 DNA fragments may also be used, provided they contain tiie 
approximately 250-bp sequence extending from tiie Hindm site toward tiie Bgll site 
located in the viral origin of replication. 
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Alternatively, promoters that are naturally associated with the foreign gene 
(homologous promoters) may be used provided that they are compatible with the host 
cell line selected for transformation. 

An origin of replication may be obtained from an exogenous source, such as 
5 SV40 or other virus (e.g.. Polyoma, Adeno, VSV, BPV) and inserted into the cloning 
vector. Alternatively, the origin of replication may be provided by the host cell 
chromosomal replication mechanism. If the vector containing the foreign gene is 
integrated into the host ceU chromosome, the latter is often sufBcient. 

The use of a secondary DNA coding sequence can enhance production levels 

10 of dehydrodtconiferyl alcohol benzylic ether reductase protein in transformed cell 
lines. The secondary coding sequence typically comprises the enzyme dihydrofolate 
reductase (DHFR). The wild-type form of DHFR is normally inhibited by the 
chemical methotrexate (MTX). The level of DHFR expression in a cell will vary 
depending on the amount of MTX added to the cultured host cells. An additional 

IS feature of DHFR that makes it particularly usefiil as a secondary sequence is that it 
can be used as a selection marker to identify transformed cells. Two forms of DHFR 
are available for use as secondary sequences, wild-type DHFR and MTX-resistant 
DHFR. The type of DHFR used in a particular host cell depends on whether the host 
cell is DHFR defident (such that it dther produces very low levels of DHFR 

20 endogenously, or it does not produce fimctional DHFR at all). DHFR-deficimt cell 
lines such as the CHO cell line described by Urlaub and Chasin, supra, are 
transformed with wild-type DHFR coding sequences. After transformation, these 
DHFR-deficient cell lines express functional DHFR and are capable of growing in a 
culture medium lacking the nutrients hypoxanthine, glycine and thymidine. 

25 Nontransformed cells will not survive in this medium. 

The MTX-resistant form of DHFR can be used as a means of selecting for 
transformed host cells in those host cells that endogenously produce normal amounts 
of functional DHFR that is MTX sensitive. The CHO-Kl cell Une (ATCC No. CL 61) 
possesses these characteristics, and is thus a use&l cell line for this purpose. The 

30 addition of MTX to the cell culture medium will permit only those cells transformed 
with the DNA encoding the MTX-resistant DHFR to grow. The nontransformed cells 
will be unable to survive in this medium. 

Prokaryotes may also be used as host cells for the initial cloning steps of this 
invention. They are particularly usefiil for rapid production of large amounts of DNA, 

35 for production of single-stranded DNA templates used for »te-directed mutagenesis. 



•wo 00/05350 




PCT/US99/16746. 



10 



15 



20 



25 



for screemng many mutants simultaneously, and for DNA sequencmg of the mu^ 
generated. Suitable prokaryotic host ceUs include £. co i K12 stram 294 AT^ 
NO. 31,446), E. con strain W3110 (ATCC No. 27.325) ^. coH X^^^-^^ 
No 31 537) and E. coli B; however many other strains ofE. cob, such as HBIOI. 
jMlOl' N1^22, NM538. NM539, and many other species and genera of prokaiyotes 
including bacilli such as Bacillus subtilis, other enterobacteriaceae such as Salmanel^ 
typhimurium or Serraiia marcesans. and various Pseudamanas ^^^^"^ f "^ 
uL as hosts. Prokaryotic host cells or other host ceUs wxth ^f^""^^^ 
preferably transformed using the calcium chloride method as descnbed m section 1.82 
of Sambrooketal.. ^a. Ahematively. electroporation may be used for 
transformation of these ceUs. Prokaryote transformation techniques are set forth m 
Twer W J in Genetic Engineering. Principles and Methods. 12:275-296. Plenum 
Pubfisling Corp. (1990); Hanahan et al.. Meih. Enxymol, 204:63 (^J^l)^ 

As a representative example, cDNA sequences encodmg dehydrodiconrfeiyl 
alcohol benzyUc ether reductase may be transferred to tiie (His)6.Tag pET vector 
commercially available (from Novagen) for overexpression in K coli as hetero ogous 
L ThispETexpressionplasmidhasseveraladvantagesinhighleveihete^l^^^^ 

expression systems. The desired cDNA insert is Ugated in frame to plasmtd vertor 
sequences encoding six histidines foUowed by a highly specific protease recogmuon 
site (tiirombin) that are joined to the amino terminus codon of the target protem. The 
histidine "block- of the expressed fiision protein promotes very tight bmdmg to 
inunobilized metal ions and permits rapid purification of the recombinant protem by 
immobilized metal ion affinity chromatography. The histidine leader sequence is tiien 
cleaved at the specific proteolysis site by treatment of the purified protem wiOi 
thrombin, and the dehydrodiconiferyl alcohol benzyUc etiier reductase protem duted. 
This overexpression-purification system has high capacity, exceU«it ^esol^ 
and is fast, and tiie chance of a contaminating £. coli protein exhibiting sunilar bmdmg 
behavior (before and after thrombin proteolysis) is extremely small. 

As will be apparent to those skiUed in tiie art. any plasmid vectors containmg 
repUcon and control sequences that are derived from species compatible with tiie ho^ 
ceU may also be used in the practice of the invention. The vector usually 'las ^ 
repUcation sUe. marker genes tiiat provide phenotypic selection m transformed ceUs 
one or more promoters, and a polylinker region containing severa^ restriction s.ps for 
insertion of fordgn DNA. Plasmids typicaUy used for transformation of Ecoh 
5 include pBR322. pUClS. pUC19. pUOlS. pUC119, and BluescnptMlS. all of 
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which are described in Sections 1. 12-1.20 of Sambrook et al., supra. However, many 
other suitable vectors are available as well. These vectors contain genes coding for 
ampicillin and/or tetracycline resistance which enables cells transformed with these 
vectors to grow in the presence of these antibiotics. 
5 The promoters most commonly used in prokaiyotic vectors include the 

p-lactamase (penicillinase) and lactose promoter systems (Chang et al. 
Nature 315:615 (1978); Itakura et al.. Science 19SilOS6 (1977); Goeddel et al.. 
Nature 281:544 (1979)) and a tryptophan (trp) promoter system (Goeddel et al., 
NucL Acids Res. 8:4057 (1980); EPO Appl. Publ. No. 36,776), and the alkaline 

10 phosphatase systems. While these are the most commonly used, other microbial 
promoters have been utilized, and details concerning their nucleotide sequences have 
been published, enabling a skilled worker to ligate them &nctionally into plasmid 
vectors (see Siebenlist et al.. Cell 20:269 (1980)). 

Many eukaryotic proteins normally secreted from the ceQ contain an 

15 endogenous secretion signal sequence as part of the amino acid sequence. Thus, 
proteins normally found in the cytoplasm can be targeted for secretion by linking a 
signal sequence to the protdn. This is readily accomplished by ligating DNA 
encoding a signal sequence to the 5* end of the DNA encoding the protein and then 
expressing this fiision protein in an appropriate host cell. The DNA encoding the 

20 signal sequence may be obtained as a restriction fragment from any gene encoding a 
protein with a signal sequence. Thus, prokaryotic, yeast, and eukaryotic signal 
sequences may be used herein, depending on the type of host cell utilized to practice 
the invention. The DNA and amino acid sequence encoding the signal sequence 
portion of several eukaryotic genes including, for example, human growth hormone, 

25 proinsulin, and proalbumin are known (see Stiyer, Biochemistry W.H. Freeman and 
Company, New York, NY, p, 769 (1988)), and can be used as signal sequences in 
appropriate eukaryotic host cells. Yeast signal sequences, as for example acid 
phosphatase (Arima et al.. Nucleic Acids Res. 11:1657 (1983)), alpha-fiictor, alkaline 
phosphatase and invertase may be used to direct secretion from yeast host cells. 

30 Prokaryotic signal sequences from genes encoding, for example, LamB or OmpF 
(Wong et al.. Gene 68:193 (1988)), MalE, PhoA, or beta-lactamase, as well as other 
genes, may be used to target proteins from prokaryotic cells into the culture medium. 

Trafficking sequences from plants, animals and microbes can be employed in 
the practice of the invention to direct the gene product to the cytoplasm, endoplasmic 

35 reticulimi, mitochondria or other cellular components, or to target the protein for 



PCT/US99/16746. 

WO 00/05350 

-20- 



10 



15 



ort to the medium These considerations apply to the overexpression of 
Zl^ZTZ^o. benzyUc ether reductase, and to direction of ^pre^on 
^^Is or Let orgamsms to permit gene product fimcuor. m any deseed 

'"*'°"The construction of suitable vectors containing DNA encoding r^Ucati^n 
sequences, regulatory sequences, phenotypic ^^^^^J^^^^ 

~ dil^s^^^^ dehydrodiconiferyl alcohol benzyUc ether reduct^e 
• t^Le oTeferably produced by means of mutations) that are generated usmg the 
:i::'^X^c'lageJs. THs method requires the synthesis and use o 
J^c :^l^des that encode both the sequence of the desir^i mutauon 3«d 
Lber of adjacent nucleotides to allow the oUgonudeoUde to stably 

'^''^^rftgi'ztrmor^ 

Theforegomg y ^^^n designated by a lower case p 

representative e^mples. m J^f^J^^^ ^ 
followed bv an alphanumenc designation. The stanmg piaM 

TZ ^ ft«m sach avaOabte ptasmids uSng published procedures. In addiUon, 



artisan. 



.r^'. -c^' or of DNA refers .o c.»l>^c ^ 

.5 DNA «tth » e,.^ tfia, ««s only at particular loca«o,« m Ae MIA. 

^trl c.n^cdo,.endonudeases,a,«l*e she along *e DNA s«^ 

nZTe cleave, is caUed a resttiction site. The rearicdon enzj™«. used m 
^ilv^^o^r cT ^-ly available and a. used according 

by *e manuftcn^^. (See also Sections 1.60-1.61 ^ S.c«o.»3.3S.3.39 

°''"':^::::.r^i^..tion.of.givenfi.gn»n.ofDNA^^ 
digest sjaration of ti« resulting DNA <ragn»« on a polyncrylann* o, » 

^ bv elec.rophor.-s. id««i8c«ion of the fragment of mterest by 
ft ^^rlsus ti« of maxl^r DNA fragments of kno«n molecular 

3, 



BNSDOCID- <WO_00063BQA1J_> 



wo 00/05350 




PCT/US99/I6746 



-21- 



the gel from DNA. This procedure is known generally. For example, see Lawn et al. 
(Nucleic Acids Res. 9:6103-6114 (1982)), and Goeddeletal. (Nucleic Acids Res,, 
supra). 

EXAMPLE 1 

5 Cloning a Dehvdrodiconifervl alcohol benzvlic 

ether reductase protein from Pinus taeda 
Unless otherwise indicated, the following materials, methods and 
instrumentation were used in Example 1 and all succeeding examples. 

Plant Materials — P. taeda cell suspension cultures were maintained 
10 as described previously (van Heerden, P.S., Towers, G.H.N. & Lewis, N.G. J. Biol 
CAem. 271, 12350-12355 (1996)), in media containing 2,4-dichloropheno>qracetic 
acid (2,4-D). Cells were harvested by filtration seven days after transfer to fresh 
media, frozen in liquid nitrogen and stored at -80 "^C. 

General Methods — All molecular biological techniques, unless 
15 expressly described below were performed according to standard methods 
(Sambrook, J., Fritsch, E.F. & Maniatis, T. Molecular Cloning: A Laboratory 
Manual 3 volumes, 3rd Ed (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
NY, 1994); Ausubel, F.M., etal Current Protocols in Molecular Biology, 2 volumes 
(Greene Publishing Associates and Wiley-Interscience, John Wiley & Sons, NY, 
20 1991)). 

Materials — All solvents and chemicals used were reagent or HPLC 

grade. Taq thermostable DNA polymerase was obtained from Promega. Competent 

NovaBlue cells were purchased from Novagen and radiolabeled nucleotide 

([a^^P]dCTP) was from DuPont NEN. The pCRII TA cloning kit was from 

25 Invitrogen. Restriction endonuclease Ndel was from New England Biolabs. 

Oligonucleotide primers for polymerase chain reaction (PCR) and 

® 

sequendng were synthesized by Gibco BKL Life Technologies. GENECLEAN n 
kits (BIO 101 Inc.) were used for purification of PCR fiagments, with the geFpurified 
DNA concentrations determined by conq>arison to a low DNA mass ladder (Gibco 
30 BRL) in 1 .5% agarose gels. 

Instmnfentation — UV (including RNA and DNA determinations at 
OD260) spectra were recorded on a Lambda 6 JJV/VIS spectrophotometer. A 
Temptronic n thermocycler (Thermolyne) was used for all PCR amplifications. 
Purification of plasmid DNA for sequencuig employed a QIAwell Plus plasmid 
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purification system (Qiagen) foUowed by PEG precipitation or Wizard Plus SV 
Minipreps DNA Purification System (Promega). witii DNA sequences d^ed 
using an AppUed Biosystems Model 373A automated sequencer. All high 
performance Uquid chromatographic (HPLC) separations were performed on erth« a 
5 MiUenium (Waters. Inc.) or AlUance (Waters. Inc) instrument, vdth eluent momtormg 
at 280 mn. ^ ^^^^ _ 

weight) was obtained using the metiiod of Dong andDunsten (Dong. J.Z. & Dunstan. 
DI Plant Cell Reports IS (1996)) from frozen loblolly pine (Pinus taedd) ceUs 
10 grown as described above. AP. toedb cDNA Ubrary was constructed usmg 5 ^ig of 
purified poly(A)* mRNA (OUgotex-dT™ Suspension. Qiagen) with the ZAP-cDNA 
Ltiiesis kit. theUni ZAP™ XR vector, and the Gigapack* H Gold packa^g «rtract 
(Stratagene). with a titer of 1 X 10* pfii for the primaiy Ubrary. The amphfied hbrary 
(1X10' pfii /ml; 120 ml total) was used for screening (Dinkova-Kostova, AT., et al. 
15 J. 5io/.CW 271, 29473-29482 (1996)). 

DNA Probe Synthesis — The5'-end of a previously isolated 
pinoresinol-lariciresinol reductase cDNA (PLR-Fil) (Dinkova-Kostova, AT.. ^ oL J. 
Biol Chem. 271:29473-29482 (1996)). having tiie nucleic acid sequence set fi>rth in 
(SEQ ID NO:7). was used as a probe to screen tiie P. taeda cDNA Ubrary for 
20 similar/homologous enzymes. The probe was constructed as foUows: 10 ng of 
purified pBSPLR-Fil plasmid (PLR-Rl contained in tiie cloning plasmtd pBUiescnp 
SKI-]) was used as the template in five 100 ^1 PCR reactions (10 mM Tns^ 
rpH9 0], 50 nlM KCl. 0.1% Triton X-100. 2.5 mM MgCb, 0.2 mM each dN^ 
and 2 5 units Taq DNA polymerase) with primers PLRNTl (AT(A/T/C) AT(A^Q 
25 GGI GGI ACI GGI TA) (SEQ ID NO:8) (100 pmol) and PLRI5R (TC(T/C) TQ 
A(A/G)I GTI AC(T/C) TTI CC) (SEQ ID NO:9) (100 pmol). The PCR 
amplifications were carried out in a thermocycler as foUows. 35 cycles of 1 min 
at 940C 2 min at 50^ and 3 min at 720C; witii 5 min at 720C and an mdefimte hold 
at 40C ^er the final cycle. The 5 reactions were concentrated (Microcon 30, Amicon 
30 Inc.)andwashedwiti.TEbuffer(10«MTris-HCl.pH8.0.lmN.EDTi^2 x 200^^ 

witii the PCR product subsequentiy recovered in TE buffer (2 x50 ^l). ^ 
PLR-Fil 5'.end reaction product (-400 bp band) was resolved in a P'gP^'^^^ ^ f /; 
agarose gel and purified from the agarose using tiie GENECLEANH kit (BIO 101 

Inc ) Gel-purified PLR-Fil S'-end fragment (SEQ ID NO T) (50 ng) was used with 
35 Pharmacia's ^QuicKPrime® kit and [a-'^ldCTP. according to kit instructions, to 
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produce a radiolabeled probe (in 0.1 ml), which was purified over BioSpin 6 columns 
(Bio-Rad) and added to carrier DNA (0.9 ml of 0.5 mg/ml sheared salmon sperm 
DNA [Sigma]). 

Library Screening — 600,000 pfu of P. taeda amplified cDNA library 
5 were plated for primary screening, according to Stratagene's instructions. Plaques 
were blotted onto Magna Nylon membrane circles (Micron Separations Inc.), which 
were then allowed to air dry. The membranes were placed between two layers of 
Whatman® 3MM Chr paper. cDNA library phage DNA was fixed to the membranes 
and denatured in one step by autoclaving for 2 min at 100°C with fast exhaust. The 

10 membranes were washed for 30 min at BT^'C in 6X standard saline citrate (SSC) and 
0.1% SDS and prehybridized for 5 h with gentle shaking at 45 in preheated 6X 
SSC, 0 5% SDS and 5X Denhardtfs reagent (hybridization solution, 300 ml) in a 
crystallization dish (190 x 75 mm). The [^^]radiolabeled probe (iSEQ ID NO:7) was 
denatured (boiling, 10 min), quickly cooled (ice, 15 min) and added to a preheated 

15 fi-esh hybridization solution (60 ml, 45 X) in a crystallization dish (150 x 75 mm). 
The prehybridized membranes were next added to this dish, which was then covered 
with plastic wrap. Hybridization was performed for 18 h at 45X with gentle shaking. 
The membranes were washed in4X SSC and 0.5% SDS for 5 min at room 
temperature, transferred to2X SSC and 0.5% SDS (at room temperature) and 

20 mcubated at 45 X for 20 min with gentie shaking, wrapped with plastic wrap to 
prevent drying and finally exposed to Kodak X*OMAT AR fibn for 24 h at -80X 
with intensifying screens. Twenty positive plaques were purified through two more 
rounds of screening with hybridization conditions as above. 

In vivo Excision and Sequencing of Putative Reductase Protein 

25 cDNA-containing Phagemids — Purified cDNA clones were rescued fi^om the phage 
following Stratagene*s in vivo excision protocol. Both strands of several different 
cDNAs that coded for genes homologous to PLR-Fil were completely sequenced 
using overlapping sequencing primers. Two cDNAs were identified, but which only 
differed in their 5 - and 3 -untranslated regions at the site of insertion into the 

30 pBluescript SK[-] cloning plasmid. The differences between these two cDNAs were 
cloning artifacts, therefore, only a single gene homologous to the F. intermedia 
pinoresinol-lariciresinol reductase was cloned firom ttus P. taeda cell suspen^on 
culture cDNA library. The nucleotide sequence of this reductase gene is shown in 
(SEQ ID NO:l) which sets forth the sequence that is common to both of the two, 

35 foregoing, reductase cDNAs. 
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Sequence Anafysis — DNA and amino acid sequence analyses were 
performed using the Unix-based GCG Wisconsin Package (Genetics Computer 
Group, 575 Science Drive, Madison, Wisconsin, USA, 1994); Rice, P, (The Sanger 
Centre, Hinxton Hall, Cambridge, England (1996)) and the ExPASy World Wide Web 
5 molecular biology server (Geneva University Hospital and University of Geneva, 
Geneva, Switzerland). 

EXAMPLE2 

Expression of Dehvdrodiconifervl alcohol benzvlic ether 
reductase protein in E. coli as a fusion protein 

1 0 Expression of Dehydrodiconiferyl alcohol benzylic ether reductase protein in 

Escherichia coli as a Fusion Protein — ^The open reading frame of the putative 
reductase from P. taeda was in frame with the P-galactosidase gene 
a-complementation particle in pBluescript. Thus, its purified plasmid DNA was 
transformed into NovaBlue cells according to Novagen's instructions. Transformed 

IS cells (5 ml cultures) were grown at 3TC with shaking (225 rpm) to mid log phase 
(OD6oo==0.5) in LB medium supplemented with 12.5 ^g ml tetracycline and 50 ng ml 
ampidllin. IPTG (isopropyl P-D-thioglucopyranoside) was then added to a final 
concentration of 10 mM, and the cells were allowed to grow for 2 h. Cells were 
collected by centrifijgation and resuspended in 500 jil (per 5 ml culture tube) buffer 

20 (20 mM Tris-HCl, pH8.0, 5 niM dithiothreitol). Lysozyme (5 fil of 0.1 mg ml"^ 
Research Organics, Inc.) was next added and following incubation for 10 min, the 
cells were lysed by sonication (3x15 seconds). After centrifiagation at 14,000 x g 
at 4°C for 10 min, the supernatant was removed and assayed for both pinoresinol- 
lariciresinol reductase and dehydrodiconiferyl alcohol reductase activities (210 ^1 

25 supernatant per assay) as described herein and in Example 3. No pinoresinol- 
lariciresmol reductase activity was observed in E. coli retracts e^ressing the protein 
as a fiision with the |3-galactosidase gene a-complementation particle, even when the 
assays were allowed to incubate for 24 h, although an identical system has been used 
to produce catalytically active (+)-pinoresinol/(+)-lariciresinol reductase from F. 

30 intermedia (Dinkova-Kostova, A.T., et dl. 1 Biol Chem. 271:29473-29482 (1996)). 

Radiochemical Assays for Pinoresinol-Lariciresinol Reductase Activity — 
Pinoresinol reductase activity was evaluated by monitoring formation of 
[^H]laridresinol and ["hrTlsecoisolariciresinol, Each assay for pinoresinol reductase 
activity consisted of 20 mM Bis-Tris Propane, pH 7.0, 0.4 mM (±)-pinoresinols 
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(added in 20 MeOH) and the enzyme preparation (i.e., total protein extract from E. 
coli, 210 fil). The enzymatic reaction was initiated by addition of 0.8 mM 
[4/?-^H]NADPH (6.79 MBq/mmol). After 3 hour incubation at SO^'C with shaking, 
the assay mixture was extracted with EtOAc (500 ^1) contaming (±)-lariciresinols (20 
5 (xg) and (:t).secoisolariciresinols (20 ^g) as radiochemical carriers. After 
centrifugation (17,000 x g, 5 min), the EtOAc solubles were removed and the 
extraction procedure was continued with 500 ^l EtOAc. For each assay, the EtOAc 
solubles were combined, with an aliquot (100 (xl) removed for determination of its 
radioactivity using liquid scintillation counting. The remainder of the combined 

10 EtOAc solubles was evaporated to dryness in vacuo, reconstituted in MeOH/H20 
(3:7, 100 jil) and subjected to reversed phase HPLC. Lariciresinol reductase activity 
was evaluated by monitoring formation of [^Hjsecoisolariciresinol. Assays were 
carried out exactly as described above, except that 0.4 mM (±)-lariciresinols were 
used as substrates, with (=b)-secoisolariciresinols (20 ^g) added as radiodiemical 

15 carriers. HPLC was carried out as previously described O^inkova-Kostova, A.T., et 
al. J. Biol Chem. 271:29473-29482 (1996)) to sq)arate the lignan substrates and 
products. Briefly, reversed-phase column chromatography employed a Nova-pak Cis 
column (3.5 mm x iso mm. Waters) with an isocratic solvent system consisting of 
MeOH:3 % acetic acid (in H2O) (30:70) at a flow rate of 0.5 ml min"\ 0.5 ml 

20 firactions were collected for scintillation counting to determine the level of 
incorporation of into the assay products. 

Non-radioactive Assays for Pinoresinol-Lariciresinol Reductase Activity — 
Pinoresinol reductase activity was further evaluated in assays performed as above with 
the following exceptions: total volume was 150 ^1; 4 mM NADPH (not radioactive) 

25 was used; 2 mM (±)-pinoresinols or (±)-lariciresinols were used as substrates; no 
(it)-lariciresinols or (±)-secoisolariciresinols were added as radiochemical carriers; the 
reactions were stopped by boiling for 3 min; 50 ^l MeOH was then added to bring the 
concentration to 30 % and the assay mixtures were centrifuged (17,000 xg^ 3 
min); 150 jil of the resulting mixture was directiy injected on the HPLC to determine 

30 whether any lariciresinol and secoisolariciresinol was formed. 

It was foimd that when assays were allowed to continue for up to 24 hours 
(i.e. under conditions that would have depleted all available substrate with the F. 
intermedia reductase [PLR-Fil] (Dinkova-Kostova, A.T., . et al J. Biol 
Chem. 271:29473-29482 (1996)), neither pinore^ol nor lariciresinol were reduced to 

35 give dther lariciresinol or secoisolaridresinol, respectively. 
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EXAMPLE3 

Pv prftg^ion of Native Dehvdrodico nifervl alcohol benzylic ether 
rftdiictase protein (SEP IP >Jn-2^ in E. cott 
Transfer of the Putative Reductase into pSBETa — The over-expression 
5 plasmid, pSBETa, contains the pETSa expression cassette, with two restriction sites 
available for sub-cloning (Aifel for native expression and BamHl for expression with a 
smaU fiision), as weU as the argU gene (for production of the rare AGA-Arg 
tRNA^) and kanamydn resistance (for high plasmid stabiUty in liquid cultures). 
Since the putative reductase from P. taeda had no internal Ndel sites, two primers 
10 were designed to introduce Ndel sites at the start methionine (primer PT-ATG-Ndel: 
TTC AGG GCC CAT ATG GGA AGC AGG AGC AGG ATA CTC) (SEQ ID 
NO- 10) and in the 3 -end untranslated region (primer PT-Rev-Ndel: TGT CGA ATA 
CAT ATG AAA GGC GAT AAC CAA CAA TTT) (SEQ ID NO:ll). These two 
primers (SEQ ID NO:10) and (SEQ ID NO.ll) (5 pmol each) were used in five PGR 
15 reactions with 10 ng of the cDNA (SEQ ID NO:l) encoding the P. taeda putative 
reductase (SEQ ID NO:2) as described above and sub-doned into the pCRH plasmid 
according to Invitrogen's instructions. The resulting pCRH containing the putative 
reductase was purified and digested with Ndel, with the resulting ~1 kb firagment gd 
purified and Ugated into pSBETa previously digested with Ndel and transformed into 
20 competent NovaBlue cdls. The resulting pSBET construct containing the putative 
reductase was purified and the expression region, containing the desired cDNA was 
sequenced completely on both strands to verify that no mutations had been introduced 
during PGR. 

General Procedures for Enzyme Purification — Protein purification 
25 procedures were carried out at 4 with chromatographic eluents monitored at 280 
nm Protein concentrations were determined with BioRad's protein determination kit. 
Polyacrylamide gd electrophoresis used gradient (4-15%, linear gradient. BioRad) 
gds under denaturing and redudng conditions in the LaemmU bufifer system, foUowed 
by visualization of the proteins by alver staining. 
30 Over-Expression of the Native Enzyme (SEQ ID NO:2) in K coli — The 

resulting pSBETa plasmid containing the putative reductase firom P taeda (SEQ ID 
NO-2) was transfi>rmed into B834(DE3) K coli cdls for expression. High levd 
expression of the putative reductase (SEQ ID N0:2) was adiieved by inoculating 1 
Uter of LB broth, supplemented with 50 jigml kanamydn, with 2-4 ml of an overnight 
35 grown 10 ml cultiire in the same medium. The cdls were then allowed to grow at 37 
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^'C with shaking at 250 rpm until a density of OD6oo=^.6S was reached, at which point 
the growth conditions were changed to 20 with shaking at 265 rpm. Production of 
the reductase (SEQ ID NO:2) was induced by addition of IPTG to 1 nM final 
concentration, once the cells had reached a temperature of -22 (about 30 min after 
5 the incubator temperature was turned down). The cells were then allowed to grow 
for 21 h before harvest by centrifugation for 25 min at 3000 xg in4 x250 ml 
centrifuge bottles, after which the pellets were frozen for at least 2 h at --80 X, to aid 
in cell lysis. 

Crude Protein Preparation — The four pellets of E. coli cells obtained in the 

10 previous step were thawed at room temperature and resuspended in 2x 10 ml each of 
Buffer A (20 mM Tris HCl, pH 8.0; 2 mM ethylenediamine tetraacetic acid [EDTA]; 
1 mM phenylmethylsulfonyl fluoride [PMSF]; (Pare, P.W., Wang, H.-B., Davin, L.B. 
& Lewis, N.G. Tetrahedron Lett. 35:4731-4734 (1994)) 5 mM dithiothreitol [DTT]), 
then combined and sonicated for 3 x 30 s. The sonicates were centrifiiged for 30 min 

IS at 20,000 xg to pellet cellular debris and filtered through a 0.2 ^m syringe filter. The 
resulting fiUrate (290 ml) was subjected to anmionium sul&te precipitation, with 
the 40-70 % ammonium suLfitte saturation cut, after centrifiigation for 30 min 
at 20,000 xg, desalted back into Buffer A over PD-10 desalting columns (Pharmacia). 
Affinity Column (Affi-Blue gel) Purification — A 1.6 cm diamet^, ll.S cm 

20 long (23 ml bed volume) Affi-Gel blue gel (BioRad) column was pre-equilibrated in 
Buffer A. The desalted 40-70% cut (15 ml, 513 mg) was then applied to the column. 
After washing with 300 ml Buffer A (1 ml-min'^), the reductase (SEQ ID NO:2) was 
eluted by running a linear gradient from 0 - 100 % Buffer B (Buffer A + 5 M NaCl) 
in 500 mL, holding at 100 % Buffer B for 60 mL and returning from 100 % Buffer B 

25 to 100 % Buffer A in 30 ml. 4 ml fractions were collected, with the putative 
reductase (SEQ ID NO:2) being eluted in fractions 33-43. These firactions were then 
pooled, concentrated to ~ 5mg/ml in a Centricon 10 microconcentrator (Amicon, 
Inc.), desalted over PDIO columns and assayed for activity. 

Anion Exchange Chromatogrcphy — The resulting enzyme solution (118 mg) 

30 was next applied to a POROS20 QE Perftision anion exchange colimui, pre- 
equilibrated in Buffer C (50 mM Bis-Tris Propane, pH 6.8, 5 mM DTT), and eluted in 
the load (i.e.^ did not bmd to the column), whereas most of the contaminating R coli 
proteins remained bound to the anionic exchange colunm under these conditions. 

Cationic Exchange Chromatogrephy — The resulting em^mie solution (59 

35 mg) was next applied to a POROS 20 SP Perfiision cationic exchange column, pre- 
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equilibrated in Buflfer C (50 mM Bis-Tris Propane, pH 6.8, 5 mM DTT). and ehited in 
the load (i.e., did not bind to the cohunn), whereas most of the rest of the 
contandnating E. coli proteins remained bound to the cationic exchange column under 
these conditions. 36 mg of purified putative reductase protein (SEQ ID NO:2) were 
5 thus obtained. 

Enzyme Characterization — Optimum temperature and pH were detennined 
using standard (non-radioactive) assay conditions as described herein, except tiiat tiie 
buffer concentration was changed to 19 mM and the protein foUowing tiie AfB-Blue 
column chromatographic step was used (30 jil). Product formation analysis was 
10 investigated by reversed-phase HPLC analysis, witii the following exceptions: for 
temperature optimum, incubations were performed at constant pH (7.0) wiU» varying 
temperature (6 - 58 °C); for pH optimum, incubations were performed at constant 
temperature (30 °C) with varying pH (5.5 -9.5). Initial velocity kinetics were 
analyzed by assaying tiie protein activity under standard (non-radioactive) conditions 
15 at pH 7.0, but with elevm diffoent concentrations of lignan substrate (0.167 - 
2.5 mM) and at 22 "C for 6 hours, while holding tiie NADPH concentration constant 
at 5 niM. To determine whetiier the 4/?- or tiie 45-hydride of tiie NADPH cofiictor 
was utilized in tiie reduction catiilyzed by tiie enzyme, radiochemical assays were 
performed witii specifically labeled (^R-C'HINADPH or 45-['H]NADPH) and 
20 analyzed for radiochemical incorporation into the7-<3-4'- 
(iso)dihydrodrfiydrodiconiferyl alcohol product 

Radiochemical Assays for Dehydrodiconiferyl Alcohol Reductase Activity — 
Each 150 jil assay consisted of 19 mM MES:Bis-Tris Propane, pH 6.5, 20 ^l of the 
protein solution at tiie corresponding stage of purity, 5 mM DTT, 2.5 mM 
25 (±).dehydrodiconiferyl alcohols and 5 mM 4i?-['H]-NADPH (14.2 x lo' kBq-mmoT 
^). After 6 h incubation at 22 "C, the assay mixture was extracted with EtOAc (2 
X 500 nl). The EtOAc soluble fi^action was ev^orated to dryness in vacuo, 
reconstituted in 100 ^l of CH3CN:3 % acetic add (1:9) and subjected to reversed- 
phase HPLC as described herein, with botfi UV and radiochemical detection. One ml 
30 fractions were coUected, witii an aUquot (100 jil) of each removed for scintillation 
counting to determine tiie level of incorporation of 'H into tiie assay products. 
Controls using denatured enzyme (5 min, 100 »C) or no (±)-dehydrodiconiferyl 
alcohol substrate were also performed. 

Non-Radioactive Assays for Dehydrodiconiferyl Alcohol Reductase 
35 Activity — Each 150 ^l assay consisted of 22 mM MES.Bis-Tris Propane, pH 6.5, 20 
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^l of the protein solution at the corresponding stage of purity, 5 niM DTT, 2 mM (±y 
dehydrodiconiferyl alcohols and 4 niM NADPH. After 3 h incubation at 30 the 
assay mixture was boiled for 3 min and centriiuged (17,000 >(g, 3 min), with an 
aliquot (125 fil) subjected to reversed-phase HPLC, after 16.6 ^1 of CH3CN was 
5 added. Quantification of formation of 7-0-4'-dihydrodehydrodiconiferyl alcohol was 
measured using a standard curve, previously prepared. Controls using denatured 
enzyme (S min, 100 ""C) and no (:i:)-dehydrodiconiferyl alcohols as substrates were 
also performed. 

HPLC Separation of Dehydrodiconiferyl Alcohol and its Reduced Products 

10 — Separation of dehydrodiconiferyl alcohol, dihydrodehydrodiconiferyl alcohol 
(7',8'-allylic bond reduced), 7-0-4'-(iso)dihydrodehydrodiconiferyl alcohol and 
7',8*,7-0-4"-tetrahydrodehydrodiconiferyl alcohol was accomplished over a reversed- 
phase column (Symmetry Shield RPs, 3 9 mm x 150 mm. Waters, Inc.) utilizing an 
acetonitrile: 3% acetic acid (in H2O) solvent system as follows. The column was pre- 

15 equilibrated in CH3CN:3 % acetic acid (A:B, 1:9). After injection of the sample to be 
analyzed, elution of the three compounds was achieved using the following elution 
profile: A:B (1:9) for 5 min, then a linear gradient over 30 min to AS (25:75) and, 
finally, a linear gradient to 100% A over 25 min, with a flow rate of 1 ml*min'^. 

Assays for 7 ',5 -Dihydrodehydrodiconiferyl Alcohol Reductase Activity — 

20 Assays were performed, using both unlabeled and radiolabeled substrates as described 
above for (±)-dehydrodiconiferyl alcohol, but with 7 ',8 '-dihydrodehydrodiconiferyl 
alcohol added instead as substrate. 

Since the reductase (SEQ ID NO:2) showed no ability to reduce pinoresinol 
or lariciresinol when expressed as a P-galactosidase fusion protein, native expression 

25 was attempted. The overexpression plasmid, pSBETa, contains the pET3a expression 
cassette, with two restriction sites available for sub-cloning {Ndel for native 
expression and BamHl for expression with a small fusion), as well as the argU gene 
(for production of the rare AGA-Arg tRNA«g4) and kanamycin resistance (for high 
plasmid stability in liquid cultures). Since the putative reductase firom P. taeda had no 

30 internal Ndel sites, sub-clonmg into pSBETa was relatively straightforward. Two 
primers were used in PCR reactions to introduce Ndel sites at the start methionine 
(primer PT-ATG-Ndel) (SEQ ID NO: 10) and in the 3 '-end untranslated region 
(primer PT-Rev-Ndep (SEQ ID NO: 11) of the putative reductase (iSEQ ID NO:2). 
The resulting PCR fi-agment was subcloned into a PCR cloning plasmid (pCRQ, 

35 Invitrogen) and excised by cleavage with Ndel. The -1 kb fragment containing the 
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putative reductase (SEQ ID NO:2) was gel purified and Ugated into pSBETa, which 
had been previously digested with Ndel. The resulting pSBET construct containing 
the putative reductase (SEQ ID N0:2) was transformed into competent R coli ceUs, 
purified and the expression region, containing the desired cDNA, was sequenced 
5 completely on both strands to verify that no mutations had been introduced during 
PGR. 

Induction of the putative reductase (SEQ ID NO:2) in the pSBET over- 
expression system was accomplished by transforming B834(DE3) expression ceUs 
with the pSBET construct, and then growing four 1 Uter cultures in LB broth 
10 supplemented with 50 ng-mT* kanamycin until they reached a density of OD6oos0.6, at 
which time they were cooled to -22 °C and inoculated with IPTG to a final 
concentration of 1 mM. After growth for 21 h at ~20-22»C, the cells were harvested 
by centrifiigation. 

Purification of the heterologously expressed, native enzyme (SEQ ID NO:2) 
15 to apparent homogeneity was accompUshed in four chromatographic steps following 
ceU lysis (as set forth herein) and ceUular debris removal by centrifiigation. The first 
step employed ammonium sulfiite precipitation, with the desired protein pelleting m 
the 40-70 % saturation cut This fraction of the protein (513 mg) was desahed into 
Buffer A and apptied to an aflSnity (Affi Bhie gel) cohimn and ehited with a linear salt 
20 gradient. The resuWng protein (118 mg) was again desalted into Buflfer A and then 
subjected to consecutive anionic exchange (POROS 20 QE) and cationic exchange 
(POROS 20 SP) diromatography. Both were conducted under conditions (pH 6.8) 
where the desired protein did not bind, whereas the contaminating E. coli proteins 
did, and were thus removed. AdditionaUy, after each step, the reductase (SEQ ID 
25 NO:2) was assayed for pinoresinol-laridresinol reductase activity, but none was 
detected. 

Moreover, even after the reductase (SEQ ID NO:2) was purified to near 
homogeneity, it was stiU unable to reduce either pinoresinol or laridresinol. Since tWs 
putative reductase fi^om Pinus taeda was closely aligned to the so-caUed 

30 isoflavone/pinoresinol-lariciresinol reductase "homologs", based on deduced amino 
acid sequence similarity, an alternative fimction was next considered. In this regard, 
since dehydrodiconiferyl alcohol contains a structure capable of forming a conjugated 
enone, and since P. taeda can contain significant levels of dehydrodiconifeiyl alcohol, 
and metabolites thereof we next evaluated the reductase (SEQ ID N0.2) for its 

35 ability to reduce dehydrodiconifeiyl alcohol, either at the allylic position or at the 
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benzylic ether position, the latter being analogous to that catalyzed by pinoresinol- 
laridresinol reductase (Gang, D.R., Fujita, M., Davin, L.B. & Lewis, N.G, ACS Symp. 
Ser. 697:389^21 (1998). 

Before such reactions could be analyzed, conditions for the HPLC separation 
5 of dehydrodiconiferyl alcohol, 7',8"dihydrodehydrodiconiferyl alcohol (allylic bond 
reduced), T0'4'"(iso)dihydrodehydrodiconiferyl alcohol (benzylic ether reduced), 
and 7',8',T(74"tetrahydrodehydrodiconiferyl alcohol (both allylic bond and benzylic 
ether reduced) had to be developed. This was accomplished using a gradient 
acetonitrile:3% acetic acid Qn H2O) solvent system, as set forth stq>ra. This solvent 
10 system gave near baseline separation of all four lignans, as shown in Figure lA. 

Assays for the putative reductase (SEQ ID NO:2) for dehydrodiconiferyl 
alcohol reductase activity (either allylic or benzylic ether) were performed as 
described herein. As shown in Figure IB, the purified P. taeda reductase effects the 
reduction of the benzylic ether bond of dehydrodiconiferyl alcohol to convert it 
15 into 7-0-4'-(iso)dihydrodehydrodiconiferyl alcohol. The activity of the P. taeda 
putative reductase (SEQ ID NO:2) toward dehydrodiconiferyl alcohol at all steps of 
the purification scheme are listed in Table 1. 

Table 1 

Purification Scheme for the Ben^lic Ether Reductase firom Pinus taeda (SEQ 
20 IDNO:2) 



Purification Steo 


Protein Cme> 


Soedfic Activity fnmol*h"*-nia 


Lysate 


1052 


11 


CNH4)2S04 predpitation 


513 


31 


A£B-Bhie 


118 


72 


Anion Exchange (POROS-QE) 


59 


121 


Cation Exdiange (POROS-SP) 


36 


134 



The authenticity of the substrate and the product were determined using 
LC-MS (see Figure ID and IE). Thus, the so-called isoflavone/pinoresinol- 
25 lariciresinol reductase "homologs" appear to be, in actuality, a phenylcoumaran 
benzylic ether reductase (PCBER) able to reduce dehydrodiconiferyl alcohol at the 7- 
0-4' position. As shown in Table 2, initial characterization of the enzyme (SEQ ID 
NO:2) revealed a pH optimum plateau fi"om 6.5 to 7.0 and a temperature optimum 
at 49 ""C. In addition, it is a Type A reductase, with transfer of the hydride of the 
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NADPH cofactor occurring almost exclusively from the4«. position on the 
nicotinamide ring (Table 2). 

Table 2 

of Benzylic Ether Reductase (SEQ ID NO:2) from P//ms toeda 



Properties ^ 





DDC 


SnkstriLteDDDC 


KmChiM) . 


0.61 ±0.03 


1.95 ±0.1 


Vm« (nmol-h'^-mg'^) 


104.2 ±10.8 


55.87 ±2.79 


^H-Isotope effect (VihA^%) 


14.4 


40 


Hydride abstraction from NADPH _ 


4pro-R (>99%> 




pH optimum 


6.4-7.0 




T(»mn nntimum r*0 


49 





10 



15 



20 



25 



When7'8'-dihydrodehydrodiconiferyl alcohol was tested as the substrate, 
reduction of the'benzyUc ether was also accompUshed, as evidenced by the formation 
of tetrahydrodehydrodiconiferyl alcohol (see Figure IC and IF). 

Initial velocity studies were carried out in order to determine whetiier the P. 
taeda benzylic ether reductase (SEQ ID NO:2) preferred one of tiiese substrates over 
tiie other These results are Usted in Table 2. As can be seen, the specific activity 
(V™,) is 2-fold higher for dehydrodiconiferyl alcohol as substirate than 
forT' 8 -dihydrodehydrodiconiferyl alcohol. In addition, tiie Km for 
dehydrodiconiferyl alcohol reduction is 3 times lower ti«n tiie^ 
for7'8'-dihydrodehydrodiconiferyl alcohol reduction. Interestingly, the kmebc 
isotope effect (Vi„^3„) observed (which indicates tiiat tiie hydride transfer step of 
the reaction contributes to the rate limiting step[s] of the reaction) is significant^ 
higher for dehydrodiconiferyl alcohol reduction. When dehydrodiconiferyl alcohol is 
the substrate, the hydride transfer contributes significantly (as indicated by a high 
kinetic isotope effect. VihA^3h=14.4) to the rate Umiting step of the enzyme catalyzed 
reaction When 7'.8'.dihydrodehydrodiconiferyl alcohol is given as subtrate, however, 
the kinetic isotope effect is reduced to V^^^^MA indicating that tiie hydnde 
transfer is no longer contributing significantly to the rate limiting step of tiie reaction. 
This is also supported by the significant increase in tiie Km value 
for 7' 8'-dihydrodehydrodiconiferyl alcohol reduction, indicating that binding of tiie 
substrate is much less efficient for tiiis Ugnan tiian for dehydrodiconifeiyl alcohol. 
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These results indicate that the P. taeda benzylic ether reductase (SEQ ID N0:2) has a 
significantly higher affinity for dehydrodiconiferyl alcohol as substrate. 

EXAMPLE 4 

Cloning of Dehydrodiconiferyl Alcohol Reductase cDNAs f SEP ID NO:3^ 
5 and (SEP ID NO:S^ firom Crvptomeria iaponica 

Cryptomeria japonica cDNA Library Synthesis — Total RNA (200 jig/g fresh 
weight) was obtained using the method of Dong and Dunsten (Dong, J.Z. & Dunstan, 
D.I. Plant Cell Reports 15 (1996)) from leaves of greenhouse-grown C japonica 
trees. A C. japonica cDNA library was constructed using 5 fig of purified poly(A)* 

10 mRNA (Pligotex-dT™ Suspension^ Qiagen) with the ZAP-cDNA* synthesis kit, the 
Uni ZAP™ XR vector, and the Gigapack^ n Gold packaging extract (Stratagene), 
with a titer of 2.2 X 10** pfii for the primary Hbrary. The amplified library (8.3 X 10^ 
pfii /ml; 175 ml total) was used for screening (Dinkova-Kostova, A.T., et al J. Biol 
Chem. 271, 29473-29482 (1996)). 

1 5 DNA Probe Synthesis — The pSBETa plasmid containing the P. taeda 

dehydrodiconiferyl alcohol reductase cDNA (5 ng) (SEQ ID NO:l) was used as the 
template in five 100 ^1 PCR reactions (10 mM Tris-HCl [pH 9.0], 50 mM KCl, 0.1% 
Triton X-100, 2,5 mM MgCh, 0.2 mM each dNTP and 2.5 imits Tag DNA 
polymerase) with primers Cj-PCBERNT (100 pmol) (SEQ ID NO: 12) and Cj- 

20 PCBERCT (100 pmol) (SEQ ID NO: 13), The PCR amplifications were carried out in 
a thermocycler as follows: 35 cycles of 1 min at 94''C, 2 min at 50^C and 3 mm at 
72°C; with 5 min at 72°C and an indefinite hold at 4^*0 after the final cycle. Single 
primer, template-only and primer-only reactions were performed as controls. 

The 5 reactions were concentrated ^licrocon 30, Amicon Inc.) and washed 

25 with TE buffer (10 iriM Tris-HCl, pH 8.0, 1 mM EDTA; 2 x 200 jil), with the PCR 
product subsequently recovered in TE buffer (2 x 50 ^il). The PCR product (-980 bp 
band) was resolved in a preparative 1.0% agarose gel and purified firom the agarose 
uang the GENECLEAN H® kit (BIO 101 Inc.). The gel-purified PCR product (40 
ng) was used with Pharmacia's ^QuickPrime® kit and [a-^^]dCTP, according to kit 

30 instructions, to produce^a radiolabeled probe (in 0.1 ml), which was purified over 
BioSpin 6 columns (Bio-Rad) and added to carrier DNA (0.5 mg/ml sheared sahnon 
sperm DNA [Sigma], 0.9 ml). 

Library Screening - 300,000 pfii of C japonica amplified cDNA 
library were plated for primary screening, according to Stratagene's instructions. 
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10 



15 



20 



Plaques were blotted onto Magna Nylon membrane circles (Micron Separations Inc.). 
wWchwerethenaUowedtoairdry. Tl.e membranes were placed betwe^ two lay«s 
of Whatman® 3MM Chr paper. ^^^A Library phage DNA was fixed to ^ 

membranes and denatured in one step by autodaving for 2 mm at 100 <>€ v.th fest 
memuioii^^ Standard saline 

othaost. The ineiAraMs were waAed for 30 mil at 37 C m 6X nana 

citrate (SSC) and 0.1% SDS mi pretylmdtod for 5 h with ge«le d«la«g « 49 Cm 
preheated 6X SSC, 0.5% SDS »>d 5XD«J»rdf.re.g«tt 0«*>ridiz.t.on sohmon, 300 
Ctlcry,,.^ dUh (190 X 75 ™». The (»P]radioUbeled probe w» 
deLred (boihng. 10 «*n). luicld, cooW 15 ™») and added » a pr*^ 
ftesh hybridiz«ion sotatio,. (60 ml. 49"C) ta a crys.aIB.«.on d,* (150 . 75 
The pr^dized men*.«»a v«r. ne« added to this di*. which was then cov«^ 
».h p wrap. Hybridization waa performed for 18 h at 49"C wrth genUe *alang. 
^LmbranJ were washed in 4X SSC ^ 0.5% SDS for 5 ™n a. rc«n 
.emperan^e. transferred to 2X SSC and 0.5% SDS (a. ™>m ''7^^'^ 

incubated at 49»C for 20 mi. witi. gentle shaking, wm-ped w,* ^ 
prevent drying and finally exposed to Kodak X-OMAT AR film for 24 h at -80 C 

wifl, intensi^g screens. Twe«y positive plaques v«r. P«ri6«l 

rounds of screening witi. hybridization conditi^B as above, and two were found to 

encode the expected enzyme. r^ivnmrRi 

In vivo Excision and Sequencing of pCj-PCBERl and pCj-PCBER2 
Phagemids - Purified cDNA clones were rescued from the phage followmg 
Str^agene-s in .ivo excision protocol. Both strands of the 2 different cDNAs (pQ- 
PCeeil (SEQ ID N0:3) and pCj-PCBER2 (SEQ ID NO:5)) were completely 
sequenced using overtopping sequencing primers. 

EXAMPLES 

y.^ ^rvMr-^ ^^T>,.c..tlv Preferred Dehydrodir^^iferyt Alcohol Ben7:ylic Ether 
T>>Aif4»«e Protf "f the Pp^t Ttivention 

Presently preferred dehydrodiconiferyl alcohol benzylic ether reductase 
protdns of the present invention are NADPH dependent reduc^ havu^ a 
, Llecular weight (as determined by SDS PAGE) of from a^ut ^3 «>a ^ ^04 
WDa, a pH optimum in the range of from about 6.0 to about 7.0, and a pi vahie 
(computer generated) of from about 6.0 to about 7.0. AdditionaUy. P^^yj^ 
preferred dehydrodiconiferyl alcohol benzyUc ether ^^^^^^^^^'f";^^ 
Lention have a Vmax of 104.2 ± 10.8 nmol^/mg. and a Km of 0.61 ± 0.03 mM. 
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Presently pr^erred dehydrodiconiferyl alcohol beiuylic ether reductase proteins of the 
invention (and nucleic acids that encode them) are from gymnosperm or an^osperm 
plant species. 

While the preferred embodiment of the invention has been illustrated and 
S described, it will be appreciated that various changes can be made therein without 
departing from the spirit and scope of the invention. 



.OO0S35QA1 J> 



PCTAJS99/16746 

WO 00/05350 _ 

-36- 



The embodiments of the invention in which an exclusive property or privUege 
is claimed are defined as follows: 

1. An isoUted nucleic acid molecule encoding a dehydrodiconiferyl 
alcohol benzyUc ether reductase protein. 

2. An isolated nucleic acid molecule of Qaim 1 encoding a gynmosperm 
dehydrodiconiferyl alcohol benzylic ether reductase protein. 

3. An isolated nucleic acid molecule of Claim 1 encoding a 
dehydrodiconiferyl alcohol benzyUc ether reductase protein firom the genus Pirns. 

4. An isolated nucleic acid molecule of Claim 3 encoding a 
dehydrodiconiferyl alcohol benzyUc ether reductase protein firom Pirns taeda. 

5 . An isolated nucleic acid molecule of Claim 4 comprising the nucleotide 
sequence of SEQ m NO: 1 . 

6. An isolated nucleic add molecule of Claim 1 encoding a protein 
consisting of the amino acid sequence of SEQ ID NO:2. 

7 An isolated nucleic acid molecule of Claim 1 encoding a 
dehydrodiconiferyl alcohol benzyUc ether reductase protein from the genus 
Cryptomeria. 

8. An isoUited nucleic add molecule of Claim? encoding a 
dehydrodiconiferyl alcohol benzyUc ether reductase protdn from Coptomeria 
Japonica. 

9. An isolated nucleic acid molecule of Claim 8 comprising the nucleotide 
sequence of SEQ ID NO:3. 

10. An isolated nucleic acid molecule of Claim 8 comprising the nucleotide 
sequence of SEQ ID NO:f .. 

11. An isolated nucleic acid molecule of Claim 1 encoding a protdn 
consisting of the amino acid sequence of SEQ ID NO:4. 



BMSDOCIO- <WO Q00S36OA1. t > 



wo 00/05350 PCT/US99/16746 

-37- 



12. An isolated nucleic acid molecule of Claim 1 encoding a protein 
consisting of the amino acid sequence of SEQ ID NO:6. 

13. An isolated dehydrodiconiferyl alcohol benzylic ether reductase 

protein. 

14. An isolated angiosperm dehydrodiconiferyl alcohol benzylic ether 
reductase protein of Claim 13. 

15. An isolated gymnosperm dehydrodiconiferyl alcohol benzylic ether 
reductase protein of Claim 13. 

16. An isolated Pinus dehydrodiconiferyl alcohol benzylic ether reductase 
protein of Claim 13. 

17. An isolated Firms taeda dehydrodiconiferyl alcohol benzylic ether 
reductase protein of Claim 13. 

18. An isolated dehydrodiconifeiyl alcohol benzylic ether reductase protein 
of Claim 13, said protein comprising the amino acid sequence of SEQ ID NO:2. 

19. An isolated Cryptomeria dehydrodiconiferyl alcohol benzylic ether 
reductase protein of Claim 13. 

20. An isolated Cryptomeria japonica dehydrodiconifeiyl alcohol benzylic 
ether reductase protein of Claim 13. 

21. An isolated dehydrodiconiferyl alcohol benzylic ether reductase protein 
of Claim 13, said protein comprising the amino acid sequence of SEQ ID N0:4. 

22. An isolated dehydrodiconiferyl alcohol benzylic ether reductase protein 
of Claim 13, said protein comprising the amino acid sequence of SEQ ID NO:6. 

23. A replicable expression vector comprising a nucleotide sequence 
encoding a dehydrodiconiferyl alcohol benzylic ether reductase protein. 

24. A replicable expression vector of Claim 23 comprising a nucleotide 
sequence encoding a gymnosperm dehydrodiconiferyl alcohol benzylic ether reductase 
protein. 
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25 A replicable expression vector of Claim 23 comprising a nucleotide 
sequence encoding an angiosperm dehydrodiconiferyl alcohol benzylic ether reductase 
protein. 

26 A repUcable expression veaor of Claim 23 comprising a nucleotide 
sequence encoding a Firms dehydrodiconiferyl alcohol benzylic ether reductase 
protein. 

27 A replicable expression vector of Claim 23 comprising a nucleotide 
sequence encoding a Cnptomeria dehydrodiconiferyl alcohol benzyUc ether reductase 
protein. 

28 A method of enhancing the expression of dehydrodiconiferyl alcohol 
benzylic ether reductase protein in a suitable host ceU comprising introducing into the 
host ceU an expression vector that comprises a nucleotide sequence encodmg a 
dehydrodiconiferyl alcohol benzyUc ether reductase protein. 

29. The method of Claim 28 wherein the host cett is a plant celL 

30 A method of modifying the expression of dehydrodiconiferyl alcohol 
benzyUc ether reductase protein in a suitable host ceU comprising introducing into the 
host cell vector comprising a nucleotide sequence that expresses an RNA that is 
capable of hybridizing to the cDNA molecule set forth in SEQ ID NO: 1. 

31. The method of CUum 30 wherein the host ceU is a plant ceU. 

32 A method of modifying the expression of dehydrodiconiferyl alcohol 
benzyUc ether reductase protein in a suitable host ceU comprising introducing into the 
host cell vector comprising a nucleotide sequence that expresses an RNA that is 
capable of hybridizing to the cDNA molecule set forth in SEQ ID NO:3. 

33 The method of Claim 32 wherein the host cell is a plant ceU. 
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SEQUENCE LISTING 

<110> Lewis, Norman G 

Kasahara, Hiroyuki 
Gang, David R 
Davin, Laurence B 

<120> Recombinant Dehydrodiconif eryl Alcohol Benzylic Ether 
Reductase and Methods of Use 

<130> wsurll4203 

<140> 
<141> 

<150> €0/094,012 
<151> 1998-07-24 

<160> 13 

<170> Patentin Ver. 2.0 

<210> 1 

<211> 926 

<212> DNA 

<213> Pinus taeda 



<220> 
<221> CDS 
<222> (1). 



<924) 



<400> 1 

atg gga age agg age agg ata etc eta att ggc gca aca gga tac att 

Met Gly Ser Arg Ser Arg lie Leu Leu He Gly JKla Thr Gly Tyr He 
15 10 15 

ggt cgc cat gtt gcc aag get age ett gat etc ggc cat cec ace ttc 
Gly Arg His Val Ala Lys 7U.a Ser Leu Asp Leu Gly His Pro Thr Phe 
20 25 30 

ett ctg gtt aga gag tee act get tet tet aat tet gag aaa gee cag 
Leu Leu Val Arg Glu Ser Thr Ala Ser Ser Asn Ser Glu Lys Ala Gin 
35 40 45 

etc ctg gaa tec ttc aag gcc tet ggt get aat ata gtc eat gga tec 
Leu Leu Glu Ser Phe Lys Ala Ser Gly Ala Asn He Val His Gly Ser 
50 55 60 

ata gat gat eat gca age ett gtg gag gea gtg aag aat gtg gat gta 
He Asp Asp His Ala Ser Leu Val Glu Ala Val Lys Asn Val Asp Val 
65 70 75 80 

gta ate tec aca gtt gga tea eta cag ata gag age cag gtc aat att 
Val He Ser Thr Val Gly Ser Leu Gin He Glu Ser Gin Val Asn He 
85 90 95 

ate aag get att aaa gaa att gga ace gtc aag agg ttt ttt cca tet 
He Lys Ala He Lys Glu He Gly Thr Val Lys Arg Phe Phe Pro Ser 



48 



96 



144 



192 



240 



288 



336 
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105 



110 



384 



sf? «i c i " i 

115 ^"^^ 

-I ill III IS 5t til t?i s ?r. s: is 

130 

15 s s IS i i 

145 

22 s sr. 2s IS 2^ i - i - 

165 

rr^i- rrtc ttt gta aaa gag 
gtt gtc att ctt gga gat gga aat gcc aga gtt g^^ 
Val Val He Leu Gly Asp Gly Asn Axa y 

s: til 'II i!J ?s -J «i r.! i r.o ?s 

195 

s «^ r,i ™: 5" i - "° i 

210 

ss 2^ til ?4 IS r,! s C tji - - Si 

225 

?2 r.» its is is iii g ?s s*. g ?s 

245 

cca ttc cca get aat att ago ata gca att agt cat tct ate ttc gtg 
Pro Phe Pro Ala Asn He Ser lie Ala ixe ^70 
260 

'^i ir, IS ill «n IS III ir, s s If. is s 

275 

c, =« J^J ?2 Tyl ?S ?S IS III 

ser Gin Leu Tyr Pro Asp Val Lys lyr 



926 

age aat ttt gtg tg 
Ser Asn Phe Val 
305 

<210> 2 
<211> 308 
<212> PRT 
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<213> Pinus taeda 
<400> 2 

Met Gly Ser Arg Ser Arg lie Leu Leu lie Gly Ala Thr Gly Tyr lie 
15 10 15 

Gly Arg His Val Ala Lys Ala Ser Leu Asp Leu Gly His Pro Thr Phe 
20 25 30 

Leu Leu Val Arg Glu Ser Thr Ala Ser Ser Asn Ser Glu Lys Ala Gin 
35 40 45 

Leu Leu Glu Ser Phe Lys Ala Ser Gly Ala Asn lie Val His Gly Ser 
50 55 60 

lie Asp Asp His Ala Ser Leu Val Glu Ala Val Lys Asn Val Asp Val 
65 70 75 80 

Val lie Ser Thr Val Gly Ser Leu Gin lie Glu Ser Gin Val Asn lie 
85 90 95 

lie Lys Ala lie Lys Glu lie Gly Thr Val Lys Arg Phe Phe Pro Ser 
100 105 110 

Glu Phe Gly Asn Asp Val Asp Asn Val His Ala Val Glu Pro Ala Lys 
115 120 125 

Asn Val Phe Glu Val Lys Ala Lys Val Arg Arg Ala lie Glu Ala Glu 
130 135 140 

Gly lie Pro Tyr Thr Tyr Val Ser Ser Asn Cys Phe Ala Gly Tyr Phe 
145 150 155 160 

Leu Arg Ser Leu Ala Gin Ala Gly Leu Thr Ala Pro Pro Arg Asp Lys 
165 170 175 

Val Val lie Leu Gly Asp Gly Asn Ala Arg Val Val Phe Val Lys Glu 
180 185 190 

Glu Asp lie Gly Thr Phe Thr lie Lys Ala Val Asp Asp Pro Arg Thr 
195 200 205 

Leu Asn Lys Thr Leu Tyr Leu Arg Leu Pro Ala Asn Thr Leu Ser Leu 
210 215 220 

Asn Glu Leu Val Ala Leu Trp Glu Lys Lys lie Asp Lys Thr Leu Glu 
225 230 235 240 

Lys Ala Tyr Val Pro Glu Glu Glu Val Leu Lys Leu lie Ala Asp Thr 
245 250 255 

Pro Phe Pro Ala Asn lie Ser lie Ala lie Ser His Ser lie Phe Val 
260 265 270 

Lys Gly Asp Gin Thr Asn Phe Glu He Gly Pro Ala Gly Val Glu Ala 
275 280 285 

Ser Gin Leu Tyr Pro Pisp Val Lys Tyr Thr Thr Val Asp Glu Tyr Leu 
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290 295 300 

Ser Asn Phe Val 
305 



<210> 3 
<211> 918 
<212> DMA 

<213> cryptomeria japonica 

<220> 

<221> CDS 

<222> (1) . . (918) 



K in III '^i ill 111 III III m ir. '^i IS I- ?s " 

1 



5 10 



til iit - - "° - 1 "° i 



20 



111 1" ?r. ifc til til III III "I fii s 2: 

35 *0 

gag tec ttc aca tec aaa gga gca act ctg gtt caa ggg tec ata gat 
111 ser Phe Thr Ser Lys Gly Ala Thr Leu Val Gin Gly Ser lie Asp 



50 



q m iir s ?y 111 fr. 22 tj! tji ill m m 
IV. s 22 IS Ill - r. S2 '.s^ «s 22 s 
?2 I" ill III isi ?2 s| SI r/o iii i^ 

100 

I?? til Zl ill til «2 S; ?2 112 S g ",2 52^ S 

115 

22 III til Zl 2S S5 S2 ?S 52 Ij2 S 1" III '2 

130 ^35 

r.l 52 ?S ?n III til III III 12 S l?5 2: 2S ?2 



145 



2i IT. Ill IS 22 «2 J?^ ill III 



96 



144 



192 



240 



288 



336 



384 



432 



480 



528 
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165 170 175 

att tat gga gat gga act acc aaa get gta tat atg aag gaa gaa gat 576 
lie Tyr Gly Asp Gly Thr Thr Lys Ala Val Tyr Met Lys Glu Glu Asp 
180 185 190 

att ggg aca ttc aca ate aag gca gtg gat gat cca agg acc ttg aac 624 
lie Gly Thr Phe Thr lie Lys Ala Val Asp Asp Pro Arg Thr Leu Asn 
195 200 205 

aag acc etc tac ttg aag cct cct gcc aat act ate tec acc aat gat 672 
Lys Thr Leu Tyr Leu Lys Pro Pro Ala Asn Thr lie Ser Thr Asn Asp 

210 215 220 

etc gta gcc ctt tgg gag gca aag ata ggg aag act ttg gag aag gtc 720 
Leu Val Ala Leu Trp Glu Ala Lys lie Gly Lys Thr Leu Glu Lys Val 
225 230 235 240 

tat eta tet gag gag eag gtt ctt aaa eta etc caa gat aca cca ttt 768 
Tyr Leu Ser Glu Glu Gin Val Leu Lys Leu Leu Gin Asp Thr Pro Phe 
245 250 255 

cca ggg act ttt atg gta tec att ttt eac acc att tat gtg aaa gga 816 
Pro Gly Thr Phe Met Val Ser lie Phe His Thr lie Tyr Val Lys Gly 
260 265 270 

gat caa ace aat ttt eag att gga cct gat ggg gtt gag gee agt gcg 864 
Asp Gin Thr Asn Phe Gin lie Gly Pro Asp Gly Val Glu Ala Ser Ala 
275 280 285 

etg tac cca gat gtg aaa tat aca act gtt gaa gag tac ate agt gca 912 
Leu Tyr Pro Asp Val Lys Tyr Thr Thr Val Glu Glu Tyr lie Ser Ala 
290 295 300 

ttt gta 918 

Phe Val 

305 



<210> 4 
<211> 306 
<212> PRT 

<213> Cryptomerla japonlca 
<400> 4 

Met Gly Gly Ser Arg Val Leu lie lie Gly Gly Thr Gly Tyr lie Gly 
15 10 15 

Arg His Val Thr Asn 7U.a Ser Leu Ala Gin Gly His Pro Thr Phe Leu 
20 25 30 

Leu Val Arg Glu lie TThr Pro Ser Asn Pro Glu Lys Ala Gin Leu Leu 
35 ' 40 45 

Glu Ser Phe Thr Ser Lys Gly Ala Thr Leu Val Gin Gly Ser lie Asp 
50 55 60 

Asp His Ala Ser Leu Val Ala Ala Leu Lys Lys Val Asp Val Val lie 
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65 70 75 80 

ser Thr Leu Gly Ala Pro Gin lie Ala Asp Gin Phe Asn Leu lie Lys 
85 90 95 

Ala lie Lys Glu Val Gly Thr He Lys Arg Phe Phe Pro Ser Glu Phe 
100 105 110 

Gly Asn Asp Val Asp Lys His His Ala Val Glu Pro Met Lys Ser Met 
115 120 125 

Phe Asp Leu Lys He Lys Leu Arg Arg Thr He Glu Ala Glu Gly He 
130 135 140 

Pro His Thr Tyr Val Val Pro His Cys Phe Ala Gly Tyr Phe Leu Thr 
145 150 155 

Asn Leu Ala Gin Leu Gly Leu Ala Ala Pro Pro Arg Asp Lys He Val 
165 170 1'5 

He Tyr Gly Asp Gly Thr Thr Lys Ala Val Tyr Met Lys Glu Glu Asp 
180 185 190 

He Gly Thr Phe Thr He Lys Ala Val Asp Asp Pro Arg Thr Leu Asn 
195 200 205 

Lys Thr Leu Tyr Leu Lys Pro Pro Ala Asn Thr He Ser Thr Asn Asp 
210 215 220 

Leu val Ala Leu Trp Glu Ala Lys He Gly Lys Thr Leu Glu Lys Val 
225 230 235 24U 

Tyr Leu Ser Glu Glu Gin Val Leu Lys Leu Leu Gin Asp Thr Pro Phe 
^ 245 250 255 

Pro Gly Thr Phe Met Val Ser He Phe His Thr He Tyr Val Lys Gly 
260 265 27U 

Asp Gin Thr Asn Phe Gin He Gly Pro Asp Gly Val Glu Ala Ser Ala 
275 280 285 

Leu Tyr Pro Asp Val Lys Tyr Thr Thr Val Glu Glu Tyr He Ser Ala 
290 295 300 

Phe Val 
305 



<210> 5 
<211> 963 

<212> DNA 

<213> Cryptomeria japonica 

<220> 

<221> CDS 

<222> (1) . . (918) 

<400> 5 
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atg gga ggc age aga att ctg ttg att gga gga act gga tac att ggt 48 
Met Gly Gly Ser Arg lie Leu Leu lie Gly Gly Thr Gly Tyr lie Gly 
15 10 15 

cga cat gtg gca aaa gcc age att get ctt ggc cat ccc act tac ctt 96 
Arg His Val Ala Lys Ala Ser lie Ala Leu Gly His Pro Thr Tyr Leu 
20 25 30 

ctg gtc aga gag tec acg get tea aat ect gtt aaa get gag ctt ctg 144 
Leu Val Arg Glu Ser Thr Ala Ser Asn Pro Val Lys Ala Glu Leu Leu 
35 40 45 

gag tec ttc aag gca tea ggt ggt caa ata gtg eat gga tct ctg ggt 192 
Glu Ser Phe Lys Ala Ser Gly Gly Gin lie Val His Gly Ser Leu Gly 
50 55 60 

gat cat aca agt ctt gtg gag gca ate aag aag gtt gat gtg gtt ata 240 
Asp His Thr Ser Leu Val Glu Ala lie Lys Lys Val Asp Val Val lie 
65 70 75 80 

tee aca gtg gga ggg gcg eag ata atg gat eag tta aac att ate aag 288 
Ser Thr Val Gly Gly Ala Gin lie Met Asp Gin Leu Asn lie lie Lys 
85 90 95 

gca ate aaa gag gtt gga ace att aag aga ttt gtt cca tct gag ttc 336 
Ala lie Lys Glu Val Gly Thr He Lys Arg Phe Val Pro Ser Glu Phe 
100 105 110 

gga aat gat gtt gac aaa gtc eat gca gtg gag ect get aag ace atg 384 
Gly Asn Asp Val Asp Lys Val His Ala Val Glu Pro Ala Lys Thr Met 
115 120 125 

ttt ggt aat aaa gee aaa ate cgc agg gcc att gag gca gaa ggc att 432 
Phe Gly Asn Lys Ala Lys He Arg Arg Ala He Glu Ala Glu Gly He 
130 135 140 

eee tac acg tat gtt tec age aat tta ttt gca ggt tat ttt ttg cca 480 
Pro Tyr Thr Tyr Val Ser Ser Asn Leu Phe Ala Gly Tyr Phe Leu Pro 
145 150 155 160 

aat ttg ggg caa cca ggc etc tct gcc ccg cca agg gat aaa ctt gtt 528 
Asn Leu Gly Gin Pro Gly Leu Ser Ala Pro Pro Arg Asp Lys Leu Val 
165 170 175 

att tta ggg gat ggc aat gcc aaa gtt gtg tat gta aaa gag gag gat 576 
He Leu Gly Asp Gly Asn Ala Lys Val Val Tyr Val Lys Glu Glu Asp 
180 185 190 

att ggc ace ttc ace ate aag gca gtg gat gac cca aga act ctg aac 624 
He Gly Thr Phe Thr He Lys Ala Val Asp Asp Pro Arg Thr Leu Asn 
195 200 205 

aag acc ctg tat ttg agg ctt cet tee aat ace tat tct ttt aat gag 672 
Lys Thr Leu Tyr Leu Arg Leu Pro Ser Asn Thr Tyr Ser Phe Asn Glu 
210 215 220 

ctg gca gcc ttg tgg gag acg aag ata gga aag act ctg gag aag gtc 720 
Leu Ala Ala Leu Trp Glu Thr Lys He Gly Lys Thr Leu Glu Lys Val 
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230 235 240 



225 

-I III III III I" til ill - III 'II III ill r.o s; 



att gaa gag aca cca ttc 768 

He Glu Glu Thr Pro 
Tyr Val Pro Glu Glu Aia vax u^u, xxe 

245 

816 



tti tr. III III sr. Ill ill III |S ^i ill '^i - B - 

260 265 

t" S I" III If, l^p S5 S2 S5 n° - 



275 



etc cca ,at ,t, tac .cc .« ,« "t |.c c., 912 



X^u P« vH 1,1 5r Thr Th. val «lu Glu Tyr L.U A.p 

290 295 
ttt gtt tgactaagaa ttgaaggtga caatatacta atatagtggg atgta 

Phe Val 
305 



<210> 6 

<211> 306 

<212> PRT 

<213> Cryptomeria japonica 



963 



Mt°°Sly Gly Ser Arg He Leu Leu He Gly Gly Thr Gly Tyr lie Gly 



1 



Arg His val Ala Lys Ala Ser He Ala Leu Gly His Pro Thr Tyr Leu 



20 25 
Leu Val Arg Glu Ser Thr Ala Ser Asn ___ . 



Pro Val Lys Ala Glu Leu Leu 



35 



40 



Glu ser Phe Lys Ala Ser Gly Gly Gin He Val His Gly Ser Leu Gly 
50 55 

ASP His Thr ser Leu Val Glu Ala He Lys Lys Val Asp Val Val He 

70 



ser Thr Val Gly Gly Ala Gin He 



Met Asp Gin Leu Asn He He Lys 



85 



90 



95 



Ala He Lys Glu Val Gly Thr He Lys Arg Phe Val Pro Ser Glu Phe 

100 -^-^^ 
Gly Asn ASP val Asp* Lys Val His Ala Val Glu Pro Ala Lys Thr Met 



115 



Phe Gly Asn Lys Ala Lys He Arg Arg Ala He Glu Ala Glu Gly He 
130 135 

pro Tyr Thr Tyr Val Ser Ser Asn Leu Phe Ala Gly Tyr Phe Leu Pro 

- 150 LOO 



145 
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Asn Leu Gly Gin Pro Gly Leu Ser Ala Pro Pro Arg Asp Lys Leu Val 
165 170 175 

lie Leu Gly Asp Gly Asn Ala Lys Val Val Tyr Val Lys Glu Glu Asp 
180 185 190 

lie Gly Thr Phe Thr lie Lys Ala Val Asp Asp Pro Arg Thr Leu Asn 
195 200 205 

Lys Thr Leu Tyr Leu Arg Leu Pro Ser Asn Thr Tyr Ser Phe Asn Glu 
210 215 220 

Leu Ala Ala Leu Trp Glu Thr Lys lie Gly Lys Thr Leu Glu Lys Val 
225 230 235 240 

Tyr Val Pro Glu Glu Ala Val Leu Lys Lys lie Glu Glu Thr Pro Phe 
245 250 255 

Pro Ala Ser lie Gly He Ser He Gly Tyr Ser Thr Phe Val Lys Gly 
260 265 270 

Asp Gin Thr Asn Phe Glu He Gly Pro Asp Gly Val Glu Gly Ser Gin 
275 280 285 

Leu Tyr Pro Asp Val Lys Tyr Thr Thr Val Glu Glu Tyr Leu Asp Gin 
290 295 300 

Phe Val 
305 



<210> 7 
<211> 392 
<212> DNA 

<213> Forsythia x intermedia 
<400> 7 

atcattgggg gtacagggta cttagggagg agattggtta aggcaagttt agctcaaggt 60 
catgaaacat acattctgca taggcctgaa attggtgttg atattgataa agttgaaatg 120 
ctaatatcat ttaaaatgca aggagctcat cttgtatctg gttctttcaa ggatttcaac 180 
agtctggtcg aggctgtcaa gctcgtagac gtagtaatca gcgccatttc tggtgttcat 240 
attcgaagcc atcaaattct tcttcaactc aagcttgttg aagctattaa agaggctgga 300 
aatgtcaaga gatttntacc atctgagttt: ggaat:ggatc ctgcaaaatt tatggatacg 360 
gccatggaac ccggaaaggt aacacttgat ga 392 

<210> 8 
<211> 20 
<212> DNA 

<213> Artificial Sequence 
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^223^ Description of Artificial Sequence: 
oligonucleotide 

<220> 

<221> misc_feature 

till ick-piiJ:ir PLRNTl Wherein n a. positions 9, 12, 15 
and 18 represents a, c, g or t: 

<400> 8 20 
athathggng gnacnggnta 

<210> 9 
<211> 20 
<212> DNA 

<213> Artificial Sequence 

lllll Description of Artificial Sequence: 
oligonucleotide 

<220> 

<221> misc^feature 

till Jck'pi'iiir PLR15R Wherein n at positions 6, 9, 12, 
and 18 represents a, c, g or t- 

<400> 9 20 
tcytcnarng tnacyttncc 

<210> 10 
<211> 36 
<212> DNA 

<213> Artificial Sequence 

tllll Description of Artificial Sequence: 
oligonucleotide 

<220> 

<221> itiis cofeature 

<222> (1) . . (36) 

<223> PCR primer PT-ATG-Ndel 

ttcaggiccc atatgggaag caggagcagg atactc 

<210> 11 
<211> 36 
<212> DNA 

<213> Artificial Sequence 

tllll Description of Artificial Sequence: 
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oligonucleotide 

<220> 

<221> misc_feature 

<222> (I),. (36) 

<223> PGR primer PT-Rev-Ndel 

<400> 11 

tgtcgaatac atatgaaagg cgataaccaa caattt 36 



<210> 12 
<211> 20 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: 
oligonucleotide 

<220> 

<221> misc_feature 
<222> (1)..(20) 

<223> PGR primer Gj-PGBERNT wherein n at positions 8 and IS 
represent a, c, g or t 



<210> 13 
<211> 20 
<212> DNA 

<213> Artificial Sequence 
<220> 

<223> Description of Artificial Sequence: 
oligonucleotide 

<220> 

<221> misc_feature 
<222> (1)..(20) 

<223> PGR primer Cj-PGBER-GT wherein n at positions 12 
and 15 represent a, c, g or t 



<400> 12 



atwggmgnaa cwggntacat 



20 



<400> 13 

tayacmacyg tngangagta 



20 
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